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ABSTRACT 
 
Corals combine photosynthesis and calcification in an intricate and delicately 
balanced relationship to form large biomineralized structures that are dominant features 
of tropical coastlines worldwide. Coral reefs have great scientific and economic 
importance but have recently experienced widespread decline attributed to increasing 
anthropogenic pressure on reef systems. Physical damage events, such as ship 
groundings, when coupled with existing nutrient stress and changing global climate 
present a poor outlook for successful natural recovery of reef communities. The main 
goal of the proposed research is to better understand how environmental factors, both 
local and global, affect the coral holobiont and influence overall coral fitness.  
The target species of this research, Montastraea cavernosa and Porites astreoides, 
are important and widespread Caribbean reef-builders. While it has been shown that 
nutrient and pCO2 stress affect coral growth and calcification, study of specific effects on 
coral tissue and reproductive success has not received significant attention in the 
literature despite considerable current interest. This study addresses this data gap in 
quantitatively examining the effect of elevated nutrients and pCO2 on 1) P. astreoides 
recruit survivorship, development, early calcification, and symbiotic zooxanthellae 
morphology; 2) M. cavernosa and P. astreoides wound regeneration, tissue 
characteristics over time at the histological and ultrastructural level, and trends in 
symbiotic zooxanthellae morphology; and 3) survival, growth and 
histological/ultrastructural characteristics of M. cavernosa and P. astreoides fragments 
transplanted to the field and in the laboratory. Histological and ultrastructural 
observations from corals transplanted to the field are then compared to ex-situ laboratory 
experimental corals.   
In the fleshy and large-polyped faviid M. cavernosa, healing of a linear wound 
was characterized by granulation of new tissue across the wound site, facilitated by 
coalescent granular amoebocytes. The wound healing strategy of this species appears to 
progress with  wound closure and re-epithelialization before calcification resumes, as 
actively calcifying calicodermis was generally not observed at the healing front. Tissue 
regeneration in the small-polyped P. astreoides was characterized by formation of 
multiple islands of eosinophilic healing fronts along the depth of the wound track, and an 
accumulation of granular amoebocyte cells in regenerating tissue. The wound healing 
strategy of this species appeared to result in re-epithelialization of exposed body wall 
without necessarily closing the wound. 
Elevated pCO2 significantly reduced survivorship in P. astreoides recruits, and 
both nutrient enrichment and elevated pCO2 significantly reduced wound regeneration 
rate in M. cavernosa and P. astreoides. In both species, phosphate enrichment had the 
greatest deleterious effect on wound repair. A significant application of this study is the 
identification of possible zooxanthellar morphological indices of elevated nutrients and 
ocean acidification. The similarity in starch, lipid and uric acid accumulation patterns in 
Symbiodinium sp. from P. astreoides recruits and coral fragments of both species indicate 
a correlation between these anthropogenic stressors and the intracellular accumulation of 
excess carbon and nitrogen by the symbiont. Zooxanthellar carbon accumulation, in the 
form of starch and/or lipid, was the greatest under elevated nitrate. Zooxanthellar 
nitrogen accumulation, in the form of uric acid, was the greatest under elevated CO2. 
Comparison of zooxanthellar metrics between the field corals (P. astreoides, and 
M. cavernosa) and ex-situ corals and recruits indicated that carbon accumulation in 
Symbiodinium from field corals was consistently significantly less than in the ex-situ 
experimental P. astreoides recruits and M. cavernosa fragments exposed to elevated 
nitrate. This indicates that the field corals were likely not exposed to elevated nitrate at 
the time of collection. Both M. cavernosa and P. astreoides adults in the field 
accumulated significantly less uric acid than their counterparts in the tissue repair 
experiment, indicating that the field corals were exposed to higher pH and lower CO2 
than the ex-situ corals. These results suggest that the field corals were not exposed to 
nutrient concentration profiles similar to the experimental treatments, particularly 
elevated nitrate. However, histological metrics indicated that the transplanted corals were 
subjected to increasing sedimentation stress over time.  
Overall, nitrate was found to affect recruits and adults on a similar scale, while 
phosphate and pCO2 affected carbon and nitrogen storage more in recruits compared to 
adults. While nutrients and pCO2 had no mechanistic effect on regeneration at 
histological level, ultrastructural metrics indicate an impact on the mutualistic energy 
exchange between the symbiotic partners, partially decoupling symbiosis. Effects were 
generally found to be greater in P. astreoides compared to M. cavernosa, and the unique 
life history strategy of the subject species and differences in their endosymbiont 
physiology reveal distinct responses to elevated nutrients and pCO2. Although the 
laboratory findings were not necessarily applicable to field observations, they provide 
insight into factors that may influence fragment success in the field. Quantitative 
assessment of the effect of elevated nutrients and pCO2 is thus useful in management 
decisions involving water quality standards, and is essential in the prediction of future 
coral condition and resilience. 
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Chapter 1: SCLERACTINIAN CORAL BIOLOGY AND 
ANTHROPOGENIC IMPACTS 
INTRODUCTION 
Corals and coral reefs provide insight into past climatic, geological, and 
biological conditions due to preservation of their skeletons in the fossil record. These 
extensive biomineralized structures are dominant features of tropical coastlines 
worldwide, covering ~15% of seabed <30 m deep (Smith 1978). Therefore, they have a 
significant oceanic geochemical impact, and the elemental ratios of their skeletal 
chemistry provide excellent chronological records of variability in environmental 
conditions during growth (Cohen and McConnaughey 2003). Coral photosynthesis and 
calcification exist in an intricate and delicately balanced relationship that demonstrates an 
impressive, yet tenuous, command of the biomineralization process.   
Although corals are generally regarded as relatively simple benthic invertebrates, 
many aspects of their basic physiology, including the calcification mechanism, are not 
well understood. However, spatial and temporal distribution patterns over geologic time 
indicate significant influence by ambient environmental parameters including 
temperature, light availability, water quality and ocean carbonate chemistry. Most corals 
exhibit a mutualistic symbiosis with endocellular algae (zooxanthellae) of the genus 
Symbiodinium, but a thorough understanding of the nature of this relationship is lacking. 
Photosynthesis is not a prerequisite for coral calcification, as both zooxanthellate and 
azooxanthellate corals exist. In addition, hermatypic coral calcification occurs both in the 
light and to a lesser extent, in the dark (Allemand et al. 2011). 
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The Calicodermis and Organic Matrix 
The skeletogenic tissue in corals is the calicodermis. It is formed during larval 
settlement and consists of calicoblastic cells and desmocytes (Vandermeulen 1975, 
Tambutté et al. 2007a). Septate junctions between the calicoblastic cells suggest cellular 
polarization and the possibility of trans-epithelial ion transport (Anderson et al. 2004). 
Skeletal fibers are produced by at least two adjacent calicodermal cells, and observed 
spaces between the skeleton and the calicodermis may influence the level of control over 
crystal growth (Tambutté et al. 2007b). In this space, an extracellular calcifying medium 
exists as a proteinaceous hydrogel, which acts as an organic matrix (OM) on which 
nucleation may occur (Allemand et al. 2011). Fibrous intracrystalline organic matrix is a 
key feature of biologically controlled calcification, occurring in both centers of 
calcification and fibers. In addition to its role in providing sites for nucleation of crystals 
it increases the strength of the coral skeleton (Perrin and Smith 2007, Allemand et al. 
2011). Physiological studies indicate that OM synthesis is a prerequisite to calcification 
(Allemand et al. 1998). The specific content of the matrix may influence skeletal 
morphology, as OM quantity, composition and structure are taxonomically related (Cuif 
et al. 1996). Very few OM proteins are characterized due to difficulties in biochemical 
analysis, but it has been found to be rich in acidic amino acids (Puverel et al. 2005a). 
Immunohistochemistry indicates that OM is only synthesized and secreted by the 
calicoblastic epithelium (Puverel et al. 2005b), and a light-dependent role of 
zooxanthellae may exist in the synthesis of OM (Allemand et al. 2011).  
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Calcification 
The mechanism of calcification is still not well understood, and there is some 
uncertainty as to the source of dissolved inorganic carbon (DIC) used by the calcifying 
organism: Carbonic anhydrase catalyzes the hydration of CO2 to carbonic acid and has 
been histochemically localized in the coral calicodermis (Tambutté et al. 2007b, Moya et 
al. 2008a, Allemand et al. 2011). Al-Horani et al. (2003) found a higher pH and Ca
+
 
concentration in this compartment, suggesting that Ca
+
 and carbon are supplied through 
active transport mechanisms. 
Ca
2+
 + CO3
2-
  CaCO3 
Ca
2+
 + HCO3
-
  CaCO3 + H
+
 
CO2 + H2O + Ca
2+
  CaCO3 + 2H
+
 
A major portion of the DIC inside the cells of the calicoblastic epithelium is 
HCO3
-
 after pH equilibration (Allemand et al. 2011). The main source of DIC for 
photosynthesis is likely external bicarbonate (Allemand et al. 1998), although isotopic 
studies indicate that as much as 40-60% may come from metabolic CO2 (Furla et al. 
2000). Carbon dioxide concentrating mechanisms (CCM’s) in the coral zooxanthellae 
chloroplasts maintain high concentrations of DIC/CO2 around the ribulose-1,5-
biphosphate carboxylase/oxygenase enzyme (Rubisco) (Rowan et al. 1996), and high 
carbonic anhydrase activity by the host provides sufficient CO2 partial pressures in the 
environment to enable carbon fixation (Allemand et al. 1998). The rate and amount of 
carbon translocation from the symbiont to the host depends on several factors, including 
Symbiodinium clade, illumination and nutrient availability. The mineralization reaction 
releases H
+
, which may then be titrated as a photosynthetic process (Furla et al. 2000).  
4 
 
Coral calcification is regarded as light enhanced, since calcification rates are 
higher in the light than in the dark (Allemand et al. 2011). Although the specific 
mechanism(s) remains unclear, calcification is promoted by symbiont CO2 removal, 
inhibitor removal (i.e., phosphate), supply of energy/organic matrix precursors, and 
buffering H
+
 from calcification (Erez et al. 2011). Studies of light and dark calcification 
rates indicate that both light and dark calcification are active processes (influenced by 
pH, DIC, and carbonate chemistry) that require metabolic energy, although dark 
calcification may require less energetic resources than light (Moya et al. 2008b, 
Allemand et al. 2011). The difference in calcification rate between light and dark 
conditions is widely variable, related to carbonate chemistry and pH (Schneider and Erez 
2006). The paradox of LEC is the occurrence of the highest calcification rates in parts of 
the corals where zooxanthellae concentration is lowest, for example at branch tips and 
basal calcifying fronts. No satisfactory explanation exists, although speculation includes 
the possibility that some mechanistic inhibition of calcification occurs where 
zooxanthellae densities are high (Allemand et al. 2011).  
As zooxanthellae provide a substantial amount of the metabolic energy required 
by the coral host, the vertical distribution of hermatypic corals is limited by the 
requirements of these photosynthetic algae. The irradiance range that supports growth 
spans two orders of magnitude and influences colony architecture. In shallow, high light 
environments, zooxanthellae contain significant amounts of photoprotective carotenoids 
(Dubinsky and Falkowski 2011) and may absorb <10% of available light (Stambler and 
Dubinsky 2005). Corals which live in low-light are adapted to absorb nearly 100% of the 
available light, and the zooxanthellae contain higher concentrations of photosynthetic 
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pigments and greater thylakoid areas (Falkowski and Dubinsky 1981). When light 
exceeds threshold levels, photoinactivation of the zooxanthellae may occur and can result 
in photo-induced symbiont loss related to the formation of reactive oxygen species 
(Takahashi et al. 2009). Both corals and zooxanthellae may produce UVA or UVB 
absorbing mycosporine-like amino acids (Karentz 2001). 
Oxygen plays a critical role in coral calcification, subject to significant diel and 
flow- dependent variability (Shashar et al. 1993). The coral oxygen microenvironment is 
a dynamic one, and is mainly influenced by light dependent metabolic activity and mass 
transfer uptake through the diffusive boundary layer at the coral surface (Jorgensen and 
Revsbech 1985, K hl et al. 1995, Gardella and Edmunds 1999, Atkinson 2011). 
Photosynthetic oxygen production in the light can result in supersaturated conditions on 
the coral surface, and respiration under dark conditions can induce hypoxia (K hl et al. 
1995, Atkinson 2011). Oxygen enrichment has been found to enhance dark calcification 
rates (Rinkevich and Loya 1984, Colombo-Palotta et al. 2010, Wijgerde et al. 2012). The 
mechanism for oxygen-enhanced calcification may be increased ATP production 
(Atkinson 2011). Calcification rate is impaired at both at high (280%) and low (13 and 
50%) saturations (Wijgerde et al. 2012), likely through hyperoxic toxicity or hypoxic 
limitation. This is reflected in highly variable calcification rates observed in in-situ corals 
in low-flow reef areas that experience periodic hypoxia; for example, tissue surface 
oxygen concentrations of Favia sp. are reduced from ~60% air saturation at 5 cm s
−1
 flow 
velocity to anoxia when flow is stopped (K hl et al. 1995). 
Heterotrophic feeding by corals is known to stimulate calcification, possibly 
through increased DIC, enhanced organic matrix production, or enhanced photosynthetic 
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rates (Ferrier-Pagès et al. 2003, Houlbrèque et al. 2004). Numerous studies have found 
many corals to be active heterotrophs, with heterotrophic energy accounting for up to 
66% of the fixed carbon incorporated into the skeleton, 15-35% of daily metabolic 
requirements in healthy corals and up to 100% in bleached corals (Houlbrèque and 
Ferrier-Pagès 2009). However, heterotrophic depression of dark calcification has been 
observed, and the discrepancy between long-term enhancement and short-term depression 
of calcification is not well understood (Al-Horani et al. 2007). Feeding activities, 
particularly in the dark, may result in a reallocation of energy and oxygen resources 
thereby reducing calcification rate (Wijgerde et al. 2012 and references therein). 
Wijgerde et al. (2012) observed no dark benefit of feeding; thus, oxygen limitation may 
not be the cause of heterotrophic inhibition of dark calcification. Instead, tissue acidosis 
from excess respiratory CO2 is possible. Thus, temporal energy reallocation from 
respiratory-induced tissue acidosis may explain short term inhibition of dark calcification 
by heterotrophy. 
Both currently and over geologic time, temperature has generally controlled the 
latitudinal distribution of corals and has resulted in the overall restriction of coral reef 
development to broad equatorial regions (within 30 degrees of the equator, as corals 
prefer temperatures between 20°C and 30°C).  High-latitude reefs are known, but they are 
typically supplied with warm waters by favorable ocean currents (Goldberg 2013).  
Cyclic changes in zooxanthellae density are known as physiological bleaching 
and can reflect both temperature and irradiation (Fitt et al. 2001). However temperatures 
that reach 1-2°C above the usual summer highs often result in severe bleaching, 
producing a disruption in symbiosis that results in expulsion or loss of 60-90% of the 
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symbiont population. El Niño events have resulted in significant thermal stress and 
bleaching worldwide (Eakin et al. 2010).  Temperature and light often exhibit a 
synergistic relationship, and corals can better withstand both high temperatures at lower 
light intensity, and high light intensity at lower temperatures (LaJeunesse et al. 2008). 
Usually symbiont densities are restored from residual populations within the coral 
colony, although intake of free symbionts is known and can provide the opportunity for 
the coral to replace its symbiont population with a clade better adapted to light or 
temperature levels; acclimatization through symbiont clade replacement can confer 
resilience to future light and temperature stress (Goldberg 2013). Bleached corals can 
survive for short periods by relying on heterotrophic sources of energy and nutrients, but 
tissue biomass is significantly reduced and mortality results if the symbiont population is 
not restored (Fitt et al. 2001). Transplantation experiments have demonstrated that high-
light corals respond to lowered light levels by quickly (within a week) increasing 
zooxanthellar pigmentation, whereas shade-adapted corals required 2-4 weeks of 
stepwise acclimation, likely due to the need to up regulate photoprotective pigments and 
cellular defenses against high light free radicals (Dubinsky and Falkowski 2011). 
Skeletal Structure 
Microscopic studies have identified sclerodermites as the basic structural 
component of all coral skeletons. These are composed of three-dimensional fans of 
aragonite fibrous crystals radiating from centers of calcification, which occur as dark 
spots in petrographic thin sections (Wells 1956, Cohen and McConnaughey 2003). 
Ultrastructural studies have identified small (19 nm) primary crystals in the centers. 
These fan-like systems of crystals cumulatively form larger fasciculi and trabecular 
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structures (Raz-Bahat et al. 2006). Growth in Acropora cervicornis occurs through 
elongation of needle-like aragonite crystals from the surface of randomly oriented 
fusiform crystals deposited at the distal edge of the axial corallite (Gladfelter 1982). 
Aragonite crystal orientation and morphology have been shown to correlate with growth 
rate; narrower crystals (~0.1 µm) are characteristic of the fastest growth, while larger and 
more widely spaced crystals are a product of slower growth (Constantz 1986). 
Morphologic and elemental differences between fibrous crystals and granular centers 
may be supportive of different formation pathways. Initial calcium carbonate formation 
may also involve a transient amorphous phase (Cohen and McConnaughey 2003). 
Constanz (2008) identified amorphous calcium carbonate (ACC) in centers of 
calcification, and Tambutté et al. (1996) observed a transient skeletal compartment 
containing ACC in Stylophora pistillata. Subsequent analysis of fine or granular nano-
crystals at centers of calcification has identified fundamental elemental and isotopic 
differences between the two morphologies. In these granular calcification centers, 
magnesium, strontium, barium, and nitrogen are enriched and 
δ13
C, 
δ18
O, and 
δ11
B are 
depleted (Holcomb et al.  2009 and references therein).  
Similar spherulitic morphologies are known from abiotic mineral systems 
associated with fusion-controlled precipitation from supersaturated solutions (Chernov 
1984). Holcomb et al. (2009) found abiotic and biogenic spherulites to have similar 
morphological and mineral composition features. Sub-micron granular crystals and 
elongated radiating fibrous crystals were observed in both. Abiotic spherulite 
morphology was found to systematically change with pH. Stepped, cyclic saturation 
states resulted in alternating bands of granular and fibrous crystals and may explain 
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similar structures seen in coral skeletons. Based on the correlation of isotopic spikes with 
saturation state, the granular crystals found in corals at the centers of calcification, fine 
bands, and the basal area of dissepiments are likely formed at highly elevated saturation 
states. In contrast, fibrous crystal bundles are likely formed at a saturation state that, 
although higher than ambient, is lower than that needed to induce initial nucleation; 
subsequently, relatively low energetic input is needed to maintain growth after nucleation 
(De Yoreo and Vekilov 2003). Thus, the daily growth bands in coral skeletons may be 
the result of daily cycles in saturation state in the subcalicoblastic extracellular calcifying 
medium (Holcomb et al. 2009). Interestingly, Raz-Bahat et al. (2006) found no diurnal 
pattern in crystal depositional type in Stylophora pistillata and concluded that an intrinsic 
fundamental process controlled calcification. Oscillations in saturation state beneath the 
calicodermis may contribute to that process. If biotic coral skeletal features (banding 
patterns, granular and fibrous structures, Mg/Ca ratios) can be reproduced by 
manipulation of saturation state alone, they cannot be used to confirm the mediation of 
crystal growth by organic materials (Holcomb et al. 2009).  
Reproduction 
Corals have considerable reproductive plasticity and exhibit a full spectrum of 
asexual and sexual reproductive modes, including simultaneous and sequential 
hermaphrodism (Kojis and Quinn 1981, Richmond 1997). Scleractinian corals generally 
reproduce sexually by broadcast spawning or brooding. Sexual reproductive traits have 
been studied for less than 1/3 of the recognized coral species, but the majority are 
broadcast spawners. Thus, externally developed planktonic larvae are the dominant mode 
of sexual reproduction in corals (Harrison 2011).   
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Broadcast spawning species release eggs and sperm into the water column for 
external fertilization and development; they may be gonochoric (separate male and 
female colonies, such as Montastraea cavernosa) and/or hermaphroditic (such as 
Acropora cervicornis), with each individual producing both eggs and sperm. Some 
species, in accordance with sex allocation theory, only produce sperm as juveniles 
(Charnov 1982). For spawning species, synchronization of gamete development and 
release is key to successful reproduction, as gamete dilution can result in low fertilization 
rates (Richmond 1997). Reproductive strategies employing buoyant gametes and 
synchronous spawning can function to maximize fertilization, however even if successful 
fertilization takes place, only relatively small percentages of larvae settle successfully and 
reach reproductive maturity (Richmond 1997).  
Brooding species (such as Porites astreoides) also spawn sperm, but eggs are 
fertilized internally and released as fully developed planula larvae. Planula larvae are 
typically larger than spawned larvae, contain zooxanthellae, and can settle and 
metamorphose quickly (Richmond 1997). Self-fertilization is known in some brooders, 
and this trait increases their resistance to allee effects where density is low, conferring a 
competitive advantage in potentially stressed environments (Goldberg 2013). 
Asexual reproduction through polyp bail out (Goniopora) or fragmentation (such 
as Acropora cervicornis) is also a common coral reproductive strategy and can bypass 
larval recruitment pitfalls. It allows existing community members to quickly (depending 
on growth rate) repopulate or spread throughout an area that, before disturbance, was 
suitable habitat. However, this can result in a lack of genetic resilience within the 
population, and the entire local population may be lost following disease events or 
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disturbances to which the genet is vulnerable (Harrison 2011). Species such as 
Pocillopora damicornis can also produce asexual planulae (Sherman et al. 2006) and 
exhibit multiple developmental modes that can vary by population region (Harrison 
2011). Some Madracis species have intermediate developmental modes involving 
internal fertilization and a short “pseudobrooding” period (de Putron 2004). 
Stephanocoenia intersepta exhibits intra-tentacular fertilization, in which eggs are 
transported to slits in the tentacles and held there for a brief fertilization period before 
embryo release (Vermeij et al. 2010). A similar strategy is employed by Eusmilia 
fastigiata (Steiner 1995). 
Ocean currents are the main physical drivers of meso and large scale larval 
transport and dispersal. Dispersal differences also depend on several parameters, 
including the length of the pre-competency period, survival of competent larvae, and 
suitable substrate availability. Although inconsistent, there is a general relationship 
between reproductive mode and distribution. Rapid settlement by brooded larvae that can 
crawl and travel short distances enhances local settlement of the natal reef (Harrison and 
Wallace 1990, Goldberg 2013), although delayed settlement and the energetic advantage 
gained by transmitted symbionts can also enable survival for long distance dispersal 
(Richmond 1997). Both brooded and spawned planula larvae can possess the energy 
reserves to remain competent for 2-3 months, with up to 100 days documented in some 
(Harii et al. 2002, Graham et al. 2008). Planktonic larvae can temporarily attach before 
they are fully competent to settle, which potentially enhances local retention and 
dispersion over distances (Harrison 2011). Larval dispersal and survival over extended 
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spatial scales may be more affected by water quality, temperature, and other 
environmental parameters.  
ANTHROPOGENIC IMPACTS 
Significant and well established declines in reef building coral populations are 
occurring throughout the world from disease, bleaching, and numerous anthropogenic 
stressors. Land-based sources of pollution, global climate change and direct physical 
disturbances are primary drivers of disturbance (Curtis 1985, Szmant 2002, Vargas-Ángel 
et al. 2005). Secondary effects include bleaching, nitrification/eutrophication, disease, 
light attenuation, and algal blooms (Smith et al. 1981, LaPointe 1997, Richmond 1997, 
Harvell et al. 1999, Loya et al. 2004). The synergy between drivers and secondary 
impacts limit the successful maintenance and recovery of reef communities following 
disturbance through loss of biodiversity and connectivity (Goldberg 2013). 
Disturbance hypothesis (Rogers 1993) suggests that 1) low levels of disturbance 
result in monopolization of resources by dominant species; 2) intermediate levels of 
disturbances result in higher diversity through prevention of monopolization, and 3) high 
levels of disturbance with short recovery times reduce diversity by favoring a few 
“disaster taxa” that are highly stress tolerant (Goldberg 2013).  The type, magnitude, and 
timing of the disturbance influence the success of disturbance recovery. For example, 
nutrient concentrations can vary widely but are typically higher on coastal reef systems 
versus offshore reefs (Brodie et al. 2007). Higher levels in summer or wet seasons have 
the potential to impact fecundity, fertilization, and recruitment success as stressed corals 
are likely to reduce reproductive output (Brodie et al. 2007, Goldberg 2013). Disease 
events may reduce population density, limiting fertilization and reproductive success 
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through the allee effect (Courchamp et al. 2008). Physical disturbances, such as ship 
groundings and sedimentation, reduce available settlement habitat (Goldberg 2013). 
Eutrophication and subsequent phase shifts towards algal dominated communities limit 
recruitment (Kuffner et al. 2006). Thus, the subsequent success of reef recovery from 
disturbance is linked to the spatio-temporal nature of the disturbance and associated 
feedback mechanisms. 
Nutrification 
Increasing coastal populations, atmospheric temperatures and storm event 
frequency are expected to result in increased coastal runoff and nutrification (Landsea 
2000a and 2000b, Goldenberg et al. 2001, Houghton et al. 2002, Karl and Trenberth 
2003). Exposure to increased nutrient concentrations (>1 μM inorganic nitrogen, >0.3 
μM phosphorus) have a number of negative impacts on corals and coral reefs. For 
example, chronic nutrification can result in increased turbidity, disease, light attenuation 
and macroalgal blooms that can overgrow or exclude corals and reduce recruitment 
(Smith et al. 1981, LaPointe 1997, Richmond 1997, Harvell et al. 1999, Loya et al. 2004). 
Continuous inputs to coastal reefs may be derived from sewage outfalls, rivers, and 
ground waters (Goldberg 2013). 
Corals and coral reefs maintain a high level of productivity in low-nutrient waters 
through tight recycling of available resources. Primary production in low nutrient waters 
results from high C/N/P ratios generated by the slow mass-transfer controlled uptake of 
nutrients relative to carbon fixation. Gross primary production varies from 100-2,000 
mmol C m
2
day
-1
; uptake of phosphate ranges from 0.1-1 mmol m
2
day
-1
 and uptake of 
ammonia and nitrate from 0.1-10 mmol m
2
day
-1
. Uptake is limited by mass transfer, the 
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mass exchange of a solute between a solution and a reactive surface (Atkinson 2011). 
Direct effects of elevated nutrient levels may relate to the reliance of the holobiont on 
nitrogen conservation and/or recycling for growth and survival (Wang and Douglas 
1998). Nutrients may interfere with the coral algal symbiosis primarily through disruption 
of carbon/nutrient flux between the symbiotic partners. Nutrient concentrations that 
depart from Redfield ratios can have effects as well. Increased levels of DIN in 
combination with limited phosphate availability can reduce photosynthetic efficiency and 
increase susceptibility of corals to temperature or light induced bleaching; the unbalanced 
DIN/phosphate supply results in nutrient depletion and subsequent starvation 
(Weidenmann et al. 2012). Elevated nutrient levels also affect zooxanthellar storage of 
energetic compounds. Accumulations of starch, lipid, and uric acid are observed in the 
zooxanthellae in response to elevated nutrient levels, although specific changes may vary 
based on the available form of nitrogen (Berner and Izhaki 1994, Ambariyato and Hoegh-
Guldberg 1996, Renegar et al. unpublished data).  
Under high light conditions in low nutrient waters, high carbon fixation rates do 
not allow photosynthate transfer to meet nutrient requirements, so corals supplement 
nutrient supply with heterotrophy (Dubinsky and Falkowski 2011). In low light 
conditions, photosynthate transfer does not meet energetic requirements and corals rely 
on predation to supply metabolic energy. Therefore, light adaptation and nutrient status 
are related.  The effect of host-release factor (HRF), which controls the amount of 
photosynthetically fixed carbon translocated to the host, is also influenced by light. 
Colonies under high light respond readily to HRF while low light colonies do not (Biel et 
al. 2007, Dubinsky and Falkowski 2011). This compound has not been positively 
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identified, but may be a host-derived chemical signal that stimulates release of 
photosynthetic products by altering the permeability of the algal cell membrane to 
glycerol, stimulation of glycerol synthesis, inhibition of glycerol metabolism (Hinde 
1988), or induction of glycerol release from storage compounds (Muscatine et al. 1972).  
Both the coral host and the symbiotic algae are capable of NH4 assimilation; the 
coral assimilates ammonium by the NADP-glutamate dehydrogenase (NADP-GDH) 
pathway, and zooxanthellae assimilate ammonium by the glutamine synthetase/glutamine 
2-oxoglutarate amido transferase (GS/GOGAT) pathway (Miller and Yellowlees 1989). 
Only the symbiont is capable of utilizing NO3 as a nitrogen source and translocating it to 
the host (Stambler 2010). Experimentation has demonstrated significant decreases in 
calcification and growth rates at nitrate concentrations of <5 μM (Tomascik and Sander 
1985, Bell and Tomascik 1993, Marubini and Davies 1996, Renegar and Riegl 2005). In 
addition to effects on growth rates, sublethal effects on other aspects of coral biology, 
such as reproduction, can reduce reef resilience in both the short and long term. Reduced 
fecundity, fertilization success, larval survivorship, settlement and metamorphosis, and 
survivorship have been observed (Tomascik and Sander 1987; Harrison and Ward 2001, 
Cox and Ward 2002). A significantly higher percentage of deformed embryos and fewer 
and/or smaller eggs is also correlated with elevated nitrogen or phosphorus (Hunte and 
Wittenburg 1992, Ward and Harrison 2000, Harrison and Ward 2001, Weis 2008).   
Phosphorus is essential and is a component of many biological molecules 
(phospholipids, ATP, nucleic acids). It is generally regarded as a limiting nutrient (Miller 
and Yellowlees 1989, Belda et al. 1993) and is taken up relatively quickly by the coral 
holobiont (Sorokin 1992, Godinot et al. 2009). Symbiodinium have a very efficient 
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phosphate transporter and store polyphosphate (Stambler 2010), although its ultimate fate 
in the symbiotic association is not well understood (Godinot et al. 2011). 
Experimentation has demonstrated significant decreases in calcification and growth rate 
at phosphorus concentrations of >1 μM (Kinsey and Davies 1979, Walker and Ormond 
1982, Tomascik and Sander 1985, Ferrier-Pagès et al. 2000, Renegar and Riegl 2005). 
The few experimental studies to investigate the synergistic effects of combined 
nutrient enrichment have demonstrated that coral growth rate is more affected by the 
presence of elevated nitrogen and phosphorus combined compared to increases  in either 
alone. Synergistic effects may be additive or antagonistic; the synergistic effects of 
nitrate and phosphate combined on the growth rate of Acropora cervicornis appeared 
additive at low concentrations (5 μM NO3
–
 and 2 μM P-PO4) and antagonistic at high 
concentrations (10 μM NO3
–
 and 4 μM P-PO4) (Renegar and Riegl 2005).  Kinsey and 
Davies (1979) found that enrichment of 20 μM ammonium and 2 μM phosphorus of a 
patch reef over 8 months resulted in a 25% increase in net community primary 
productivity and a 50% reduction in calcification rate. Ferrier-Pagès et al. (2000) 
observed a 20% decrease after 5 days and a 75% decrease after 10 weeks in the growth 
rate of S. pistillata at the same concentrations as Kinsey and Davies (1979). Stambler et 
al. (1991) found up to a 90% decrease in calcification at combined concentrations of up 
to 15 μM ammonium and 2.5 μM phosphorus.  
Studies have also indicated either no effect or increased calcification as a result of 
elevated nutrients (Meyer and Schultz 1995, Dollar 1994, Atkinson et al. 1995). Mean 
recruit survivorship, size, and zooxanthellae ultrastructural characteristics in Porites 
astreoides recruits under combined elevated nitrogen and phosphorus were similar to 
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control conditions (Renegar unpublished data). This suggests nutrient co-limitation, 
where elevated concentrations of both nutrients in appropriate ratios can support balanced 
growth similar to that in non-enriched conditions. Similarly, Weidenmann et al. (2012) 
found no difference in photosynthetic efficiency between corals grown under high N+P 
compared to corals grown under low-nutrient conditions, and the high N+P corals were 
more resistant to light-induced bleaching. 
In addition to short term effects on growth rates, sublethal effects on other aspects 
of coral biology, such as reproduction, can reduce reef resilience in both the short and 
long term. Dosing of microatolls to achieve 20 μM ammonium and 2 μM phosphorus 
reduced egg number, polyp egg size, egg total (egg size x egg number) and testes total in 
Acropora longicyathus and Acropora aspera. In A. longicyathus, effects of the combined 
nutrient treatment on egg number and size was antagonistic compared to single nutrients, 
and the effect on mean egg and testes total was generally additive. For A. aspera, effects 
on eggs were less clear, but the combined N+P treatment had an additive effect on testes 
total compared to individual nutrients (Ward and Harrison 2000). Small increases in 
nutrient concentrations (as little as 1.0 μM) significantly decreased reproductive success, 
inhibiting fertilization success in A. longicyathus and embryo development in Goniopora 
aspera (Ward and Harrison 1997). However, inconsistencies in the data and confounding 
factors of the ENCORE fieldwork studies above make these results difficult to apply on a 
wider basis (Szmant 2002). 
Limitations of many experimental studies often are the short time scales and 
unrealistically high concentrations used to elicit a response (Szmant 2002). However, 
some of the lower concentrations used experimentally, particularly of phosphate, may be 
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close to locally high concentrations measured adjacent to inlets, sewage outfalls, large 
population centers, or in areas of natural upwelling. Inconsistent experimental results 
may be due to procedural artifacts or species-specific responses; experimental conditions 
that induce unbalanced DIN/phosphate supply can result in nutrient depletion and 
subsequent starvation (Weidenmann et al. 2012). 
Direct effects of combined elevated nitrogen and phosphorus on the coral 
holobiont can be difficult to interpret, and chronic, long-term effects are particularly 
poorly understood. It seems certain that the presence of higher than normal nutrient 
concentrations may disrupt the carbon/nutrient flux between the symbiotic partners, 
ultimately reducing overall fitness. There are also biological consequences of elevated 
nutrient levels on the reef environment. Chronic nutrification can result in increased 
turbidity, disease, light attenuation and macroalgal blooms that can overgrow or exclude 
corals and reduce recruitment (Richmond 1997, Harvell et al. 1999, Loya et al. 2004).  
Atmospheric pCO2 
Global climate change scenarios forecast that atmospheric CO2 partial pressure 
(pCO2) concentrations may reach 730 - 1,020 ppm by year 2100 (IPCC C
4
MIP models). 
IPCC scenario IS92a projects that high-latitude CaCO3 under-saturation may be reached 
by the year 2100 (pCO2 of 90 to 250% above the concentration in 1750; Houghton 2010). 
Increasing atmospheric pCO2 is predicted to change ocean surface water carbonate 
saturation, resulting in reduced coral calcification and reef growth (Kleypas et al. 1999, 
Leclercq et al. 2000, Buddemeier 2001, Knowlton 2001, Guinotte et al. 2003, Hughes et 
al. 2003).  
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As carbon dioxide (CO2) levels increase in the atmosphere, CO2 reacts with 
seawater, producing dissolved CO2.  It then hydrates to form a number of species, whose 
equilibrium constants are strongly influenced by salinity, temperature, and pressure: 
CO2 + H2O  H2CO3  HCO3
-
 + H
+
  CO3
2-
 + 2H
+
 
Initially, the shift in this equilibrium to the right results in a reduction of alkalinity rather 
than a reduction in pH. The pH decrease in ocean surface waters of 0.2-0.5 pH units is 
expected by 2100 (IPCC 2013). But as CO2 levels increase, so does carbonic acid, which 
results in an increase in bicarbonate at the expense of carbonate, and a reduction in pH. 
Ultimately, this reduces the availability of carbonate by changing the saturation state. 
Calcium carbonate commonly occurs as aragonite (orthorhombic symmetry) and calcite 
(trigonal). Due to this structural difference, calcite is less soluble at standard temperature 
and pressure, and the aragonite saturation horizon is nearer the ocean surface than that of 
calcite. Calcite producing organisms (coccolithophores, foraminifera) are therefore less 
vulnerable to ocean acidification than those that produce aragonite (corals, etc.) 
(Goldberg 2013).  
Changing ocean chemistry driven by alterations in atmospheric CO2 ultimately 
results in alteration of the calcium carbonate saturation state. Saturation state values are 
the product of the carbonate and calcium concentrations divided by the solubility product 
of calcium carbonate (Ksp). A value of 1 indicates supersaturation; the respective level of 
supersaturation depends on the mineral. For example, Ωcalcite = 5-6, Ωaragonite = 3-4, and 
Ωhigh Mg calcite = 2-3. A value of <3.3Ω for aragonite is projected to be the minimal 
requirement for scleractinian calcification (Goldberg 2013). Currently, the saturation 
state of ocean surface waters favors the precipitation of aragonite, which has facilitated 
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the success of aragonitic corals. Experimental results have indicated that decreased 
saturation state results in changes in skeletal composition and morphology (Albright et al. 
2008, Cohen et al. 2009, Suwa et al. 2010). While coral response to lowered pH and 
elevated pCO2 is species-specific (Albright 2011), significant reductions (~50-78%) in 
skeletal extension rate are generally observed. Albright et al. (2008) observed a 
significant effect of lowered aragonite saturation state on skeletal extension rate in P. 
astreoides recruits. Lowered saturation state also results in the delay of calcification and 
growth of primary corallites of Favia fragum recruits, with progressive changes in the 
morphology and composition of skeletal aragonite crystals (Cohen and McConnaughey 
2003, Cohen et al. 2009). Thus, decreased saturation state is accompanied by progressive 
changes in skeletal composition and morphology, although aragonite is produced even at 
low saturation states (Albright et al. 2008, Cohen et al. 2009, Suwa et al. 2010).  
Significant interactions between nutrients and pCO2 (Ferrier-Pagès et al. 2000, 
Renegar and Riegl 2005) may result in greater impacts of ocean acidification and 
warming in populated coastal areas where nutrification is of increased concern. Reduced 
pH from higher CO2 levels can enhance diffusional nitrogen uptake, and allow the 
symbiont to sequester a substantially higher proportion of the available nitrogen, reducing 
the amount available to the host. As higher DIC concentrations enhance photosynthesis 
by reducing symbiont carbon limitation, CO2 driven changes in ocean chemistry may 
result in nitrogen starvation in zooxanthellate corals, which may be ultimately sufficient 
to reduce survivorship ( esser et al. 1994, K hl et al. 1995). This is supported by 
observations of coral bleaching at increased CO2 concentrations (Anthony et al. 2008). 
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At least two studies have identified the possibility of calcite deposition in some 
corals as an effect of decreased saturation state resulting from elevated CO2 (Ries et al. 
2006, Higuchi et al. 2014). It has also been demonstrated that calcification may increase 
under acidified conditions (Kleypas et al. 1999, Marubini and Atkinson 1999, Langdon et 
al. 2000, Reynaud et al. 2003, Renegar and Riegl 2005, Anthony et al. 2008, Purkis et al. 
2011, Jury et al. 2010, Krief et al. 2010). Inconsistencies between studies may also reflect 
different methodologies used to measure calcification rates; and net calcification 
measurements do not consider the balance between gross calcification and dissolution.  
Alkaline pH of the extracellular calcifying medium is a general characteristic of 
CaCO3 deposition (Allemand et al. 2011). Al-Horani et al. (2003) found a higher pH and 
Ca
+
 concentration in this compartment, suggesting that the ECM is physically isolated 
from the surrounding seawater, and that Ca
+
 and carbon are supplied through active 
transport mechanisms. Energetic dependence of ion transport or removal is not well 
understood, but paracellular and/or transcellular pathways of Ca may exist (Allemand et 
al. 2011). Initial rate of calcium deposition follows Michaelis-Menten kinetics (Tambutté 
et al. 1996), suggesting a carrier dependent transcellular transport of Ca
+
 and HCO3 
(Furla et al. 2000). Under normal conditions, calcification is the priority in energy 
allocation (Anthony et al. 2008). Studies of light and dark calcification rates indicate that 
both are active processes which require metabolic energy (13-30% of the coral energy 
budget) and are influenced by pH, DIC, and carbonate chemistry (LeClercq et al. 2000, 
Allemand et al. 2011). Since maintaining the alkaline pH in the calcifying medium is a 
very energetically demanding process, this may be the mechanism by which ocean 
acidification slows calcification rates (Erez et al.  2011).  
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It has been established that rising pCO2 levels and subsequent ocean acidification 
will have negative impacts on the growth of corals and coral reefs, with some exceptions 
that are not fully understood. Cohen and Fine (2012) concluded that S. pistillata was able 
to maintain positive calcification rates despite dissolution occurring in the dark under 
elevated pCO2 and acidified conditions, largely as a result of protection from the tissue 
covering the skeleton. This may be explained by the tolerance of some species to elevated 
pCO2 when the calcifying interface is completely protected by tissue from the ambient 
seawater (Ries et al. 2009; Rodolfo-Metalpa et al. 2011, Cohen and Fine 2012). In corals 
where skeleton is exposed, dissolution may result in increased sensitivity. Findlay et al. 
(2009) made similar observations for several non-scleractinian marine calcifiers.  
Over geologic time, the relative success of aragonitic scleractinians has been 
generally influenced by changes in seawater chemistry (Ries et al. 2009). Today, as 
atmospheric CO2 increases, the shift to “greenhouse” conditions will include higher 
temperatures, higher sea levels and altered calcium carbonate saturation states (Erez et al. 
2011). Some studies have demonstrated that selected coral species may be able to 
continue to calcify (Cohen and Fine 2012) or shift to calcium carbonate polymorphs 
which are a product of a more suitable saturation state (Ries et al. 2009, Higuchi et al. 
2014). However, the lower overall accretion rate from slower growth, weaker skeletons, 
increased erosion and dissolution of reef cements and sediments that form the foundation 
of reef structure may not be able to keep pace with rising sea level (Kleypas et al. 1999, 
Marubini and Atkinson 1999, Langdon et al. 2000, Renegar and Riegl 2005, Erez et al. 
2011, Purkis et al. 2011). When coupled with impacts from nutrification or 
eutrophication, scleractinian coral populations may be further disadvantaged by shifts in 
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competitive advantage to non-calcifying reef organisms (i.e. fleshy algae) or calcite 
secretors (Kleypas et al. 1999). By the year 2100, net sediment dissolution may exceed 
carbonate production in reef ecosystems in Florida, the Caribbean, and the Pacific 
resulting in degradation of coral reefs, loss of fish habitat, and increased coastal erosion 
(Yates and Halley 2003, 2006a and 2006b, Yates et al. 2007). Consequently, the severity 
of global change impacts to corals and coral reefs will rely, at least in part, on the balance 
between accretion and dissolution relative to the compounded effects of ocean 
acidification, nutrification, increasing temperatures and rising sea level. 
RESEARCH GOALS 
Coral reefs have great scientific and economic importance, but have recently 
experienced widespread decline attributed to increasing direct and indirect anthropogenic 
pressure on reef systems as described above. In recent history, the implications of these 
environmental changes on coral reefs have become progressively more far-reaching. 
Existing nutrient stress and changing global climate present a poor outlook for successful 
persistence and recovery of reef communities, particularly near coastal population centers 
which are more likely to be exposed to direct physical impacts through increased vessel 
activity. While it has been shown that nutrient and pCO2 stress affect coral growth and 
calcification, study of the specific effects of these stressors at the tissue and cellular level 
is lacking. As direct damage often results in restoration activities (through transplantation 
and/or fragmentation), understanding the influence of anthropogenic environmental 
factors on the relative success of restoration efforts is essential to management planning. 
Thus, the main goal of the proposed research is to better comprehend how 
anthropogenic factors, both local and global, affect the potential for successful natural 
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recovery (through larval recruitment) and persistence (through coral colony tissue repair 
and regeneration) of reef communities. Laboratory experiments examine settlement, early 
calcification, survival, mortality and growth of coral larvae during exposure to elevated 
nutrients and pCO2 (Chapter 2). Using histological and ultrastructural analysis, the 
process of tissue repair in corals and how it is affected by exposure to elevated nutrients 
and pCO2 (Chapter 3) is examined. Field transplantation experiments examine the 
potential for success of small transplanted coral colony fragments at a grounding site and 
the potential impact of anthropogenic stressors on the success of those fragments 
(Chapter 4). Data from the field study is then compared to the ex-situ laboratory studies 
to examine possible correlations (Chapter 5). Results of these studies will provide needed 
data to inform management decisions and contribute to the development of management 
methods tailored to region-specific needs.  
Subject species  
Montastraea cavernosa and Porites astreoides, the target species of this research, 
are important Caribbean reef-builders. Porites astreoides is a cosmopolitan member of 
the Family Poritidae, and is widespread throughout the Caribbean and Western Atlantic. 
It is the only extant mounding member of the genus in the Caribbean (Budd et al. 1994). 
Colonies are generally massive but encrusting morphotypes are known (Veron 2000). 
The corallites are small and closely spaced (1.2-1.4 mm in diameter), with 12 septa. This 
species is characterized histologically and ultrastructurally by abundant golden-brown 
finely granular pigmented electron dense amoebocytes. These cells are interspersed with 
columnar epithelial cells and small epidermal mucocyte cells. The mesoglea is thin and 
acellular. The gastrodermis is relatively thin as well, containing large mucocyte cells, 
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zooxanthellae, and abundant pigmented granular amoebocytes. The calicodermis is thin 
with scattered desmocytes and contains fine eosinophilic granules (Peters 1984). 
Relatively small aragonite crystals form a perforate, medium density skeleton.  
Montastraea cavernosa is a massive, plocoid reef builder of the Faviidae family 
and is widespread throughout the Caribbean and western Atlantic. Conical corallites can 
be 5-11 mm in diameter, and are spaced up to 6 mm apart (Peters 1984). The large, fleshy 
polyps can extend up to 1.5 cm into the skeleton. The thick epidermis is composed of 
columnar supporting cells interspersed with goblet-shaped mucocyte and glandular cells.  
The mesoglea is thick, with visible fibrous structures, and contains large granular and 
agranular amoebocyte cells. The upper gastrodermis is relatively thick and contains large 
mucocytes and numerous zooxanthellae, while the lower gastrodermis is more compact, 
with fewer mucocytes and scattered zooxanthellae. The calicodermis is squamous, 
granular, and has prominent desmocytes (Peters 1984). The skeleton is composed of 
substantial aragonitic septa and prominent columella (Veron 2000). 
Porites astreoides is a hermaphroditic brooding species. Eggs are fertilized 
internally from spawned sperm, and fully developed zooxanthellate planula larvae are 
released. Planula larvae of this species are immediately competent to settle, and have the 
ability to crawl short distances, ensuring settlement in a suitable environment near the 
parent colony (Richmond 1997). Larval release occurs in multiple months, and variation 
occurs in larval respiration, photosynthesis, zooxanthellae density, and mortality between 
release days in each spawning period (Edmunds et al. 2001). Montastraea cavernosa is 
generally known as a gonochoric mass spawning species, although occurrence of 
hermaphroditic colonies has been reported (Peters 1984). In southeast Florida reefs, male 
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colonies release sperm shortly before release of large pink/orange egg clusters from 
female colonies. Fertilization occurs in the water column and planktonic larvae acquire 
symbionts presumably by ingestion (Richmond 1997). 
Although these two species share somewhat similar growth morphology, they 
represent two distinct strategies in terms of calcification and reef building. Porites 
astreoides is relatively young coral evolutionarily; phylogenic analysis indicates that it 
diverged from a Caribbean/Pacific ancestor during the rise of the Isthmus of Panama. In 
contrast, M. cavernosa is basal to almost all other Atlantic and Indo-Pacific faviid corals, 
having persisted for more than 25 million years (Fukami et al. 2008, Budd et al. 2012). 
This evolutionary distinctiveness is supported by reproductive mode, as brooding is a 
newer evolutionary development (Goldberg 2013). In terms of calcification, P. astreoides 
has a corallite and tissue structure indicative of a higher overall growth rate and 
adaptation to higher light in a shallower depth range. The larger polyps of M. cavernosa 
allow it to populate deeper, low light environments as it is more efficient at prey capture 
and can rely on heterotrophy for metabolic requirements.  
In studying response to environmental perturbations, these two species represent 
both relatively sensitive (P. astreoides) and relatively robust (M. cavernosa) tolerances 
(Goldberg 2013). The faster calcification rate of P. astreoides results in greater 
susceptibility to environmental changes that are likely to impact calcification, such as 
elevated pCO2 and phosphate. In contrast, the high zooxanthellae density of M. 
cavernosa and large polyps provide significant energetic reserves and response plasticity 
to a range of stressors. While not at opposite ends of the scleractinian spectrum, 
significant overall differences in morphology, life history strategy, stress response and 
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evolutionary development make these two species appropriate model organisms for 
examination of the effects of a variety of environmental stressors. Additionally, the 
cosmopolitan distributions of both species allow extrapolation of results over broad 
geographic ranges. 
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Chapter 2: ELEVATED NUTRIENT AND pCO2 EFFECTS ON 
PORITES ASTREOIDES EARLY DEVELOPMENT  
INTRODUCTION 
Coral reproduction and recruitment, although relatively slow processes, are 
essential for long-term persistence and recovery of damaged reefs. Reproduction and 
recruitment are mutually reciprocal processes whereby successful reproduction (the 
formation of new individuals), is essential for successful recruitment (new individuals 
becoming part of the reef community) and vice versa (Richmond 1997). Scleractinian 
corals generally reproduce sexually by broadcast spawning or brooding. Broadcast 
spawning species release eggs and sperm into the water column for external fertilization 
and development; they may be gonochoric, with separate male and female colonies, 
and/or hermaphroditic, with each individual producing both eggs and sperm. In brooding 
species, eggs are fertilized internally and are released as fully developed planula larvae. 
Planula larvae have the distinct advantage of immediate competency; they are typically 
larger than spawned larvae, contain zooxanthellae, and can settle and metamorphose 
quickly (Richmond 1997). However, corals have a high degree of reproductive plasticity 
and exhibit a full spectrum of asexual and sexual reproductive modes, including 
simultaneous and sequential hermaphrodism (Kojis and Quinn 1981, Richmond 1997). 
Regardless of the mode employed, spawning is something of a risky endeavor for the 
species. If successful fertilization takes place, only relatively small percentages of larvae 
settle successfully and reach reproductive maturity (Richmond 1997). 
While many factors ultimately contribute to reproductive success, the limited 
information available on coral larval biology suggests that coral larvae and recruits are 
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far more sensitive to changes in water quality than adult corals (Fabricius 2005). The 
majority of nutrient enrichment experiments have used adult corals or coral nubbins, and 
comparable work on coral larvae is lacking. The few experiments focusing on coral 
larvae have observed a significantly higher percentage of deformed embryos, fewer 
and/or smaller eggs, and a reduction in fecundity, fertilization, and settlement success 
correlated with elevated nitrogen or phosphorus (Hunte and Wittenburg 1992, Ward and 
Harrison 2000, Harrison and Ward 2001, Weis 2008).  
As with nutrient enrichment, relatively few experiments have focused on effects 
of decreased saturation state on coral larvae. Ocean acidification may have limited impact 
on gamete production, although female spawning corals may be more susceptible than 
males (Albright 2011). Several fertilization studies have demonstrated significant 
impacts, although methodological and intrinsic factors, such as sperm concentration, are 
likely to play a key role in results (Albright et al. 2008, Albright 2011). Significant 
effects of lowered aragonite saturation state on skeletal extension rate have been observed 
in P. astreoides recruits (Albright et al. 2008). Lowered saturation state also results in the 
delay of calcification and growth of primary corallites of Favia fragum recruits, with 
progressive changes in the morphology and composition of skeletal aragonite crystals 
(Cohen et al. 2009). Larval settlement may also be indirectly impacted through alteration 
of settlement cues, thereby more severely affecting species that have more specific cue 
requirements (Albright and Langdon 2011). 
A better understanding of the reproductive ecology of important reef building 
species is necessary to comprehend the persistence potential of reefs exposed to 
increasing anthropogenic influences worldwide. Pre-settlement stress is known to play an 
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important role in larval success, but specific effects of anthropogenic environmental 
factors are largely unknown. Most coral planula larvae are lecithotrophic, depending on 
endogenous energy supplied by the parent colony in the form of lipids within the egg 
(Harii et al. 2007, Alamaru et al. 2009). Little is known about the temporal changes in 
energy utilization or source during the larval period and during the transition through 
settlement to recruit. Elevated nutrient and pCO2 levels affect zooxanthellae in adult 
corals, but it is unknown how these factors may influence recruitment success. It is likely 
to be significant, however, due to the importance of a fully-functioning symbiosis 
between the coral animal and their intracellular zooxanthellae during the transition in 
energetic dependency from stored yolk materials to energetic compounds translocated 
from the zooxanthellae.  
Symbiotic dinoflagellate cells store energetic compounds intracellularly in the 
form of starch, lipid, and uric acid. Several ultrastructural studies have examined 
variability in the storage of these compounds in response to a variety of external factors, 
including elevated nutrients. The cross sectional area of starch around the pyrenoid body 
significantly decreased in zooxanthellae of the clam Tridacna maxima after exposure to 
elevated ammonium and combined elevated ammonium and phosphate, but not under 
elevated phosphate alone (Ambariyato and Hoegh-Guldberg 1996). Similarly, elevated 
ammonium levels resulted in significantly less accumulation of starch and lipid in 
zooxanthellae from Pocillopora damicornis compared to low nutrient controls (Berner 
and Izhaki 1994). Studies have suggested that lipid accumulation indicates reduced 
translocation or synthesis, and increased lipid content is characteristic of nitrogen 
starvation (Shifrin and Chisholm 1981, Muller-Parker et al. 1996).  
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Crystalline deposits observed in zooxanthellae, previously classified as oxalic 
acid, have been recently re-identified as uric acid (Clode et al. 2009). Zooxanthellae 
potentially store nitrogen as uric acid for later use when N supplies are low (Davy et al. 
2006). No studies have addressed this aspect of energy storage under elevated nutrient 
conditions, although a reduction in uric acid content was observed in zooxanthellae in 
Aiptasia anemones that were starved and exposed to high-light conditions (Muller-Parker 
et al. 1996). Zooxanthellae also contain electron-dense inclusions, known as 
accumulation bodies. While their function remains largely unknown, they likely play a 
role in autophagic processes, including cell aging (Lesser and Shick 1990), and may be 
useful for assessment of cell metabolic and division rates.  
This study provides additional information relevant to local and global 
anthropogenic stress effects on early coral life stages. The target species, Porites 
astreoides is a widespread Caribbean brooding species that produces fully formed 
competent larvae (settlement typically occurs within 72-96 hours after spawning), that 
obtain the symbiont Symbiodinium sp. through vertical transmission. Quantitative 
assessment of the effect of elevated nutrients and pCO2 on survivorship, ultrastructure, 
and early calcification of post-settlement corals is useful in management decisions 
involving water quality standards and is essential in the prediction of future coral 
condition and growth. The goals of this study were quantitative evaluation of the effects 
of elevated nutrients and pCO2 on recruit 1) survivorship, 2) development and early 
calcification, and 3) symbiotic zooxanthellae morphology.  
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METHODOLOGY 
Colonies of P. astreoides were collected just prior to anticipated planula release 
and transported to the laboratory where they were maintained in an outdoor land-based 
nursery. Individual colonies were placed in larval collection buckets, and larvae were 
collected following release. This experiment was conducted in its entirety twice, with 
different colonies collected from two different offshore locations at two different 
spawning times. Experimental run 1 (R1) was conducted with larvae from colonies 
collected in April 2008, and run 2 (R2) was conducted with larvae from colonies 
collected in May 2008. 
Pre- and post-settlement, experimental manipulations were carried out in separate 
covered acrylic settlement containers, lined with pre-conditioned plastic coverslips (after 
the method of Oren and Benayahu 1997) and partially submerged in a water bath to limit 
temperature variation between containers. Five treatment conditions were maintained: 
control, elevated nitrate (~10 μM NO3
–
); elevated phosphate (~4 μM P-PO4
3–
), elevated 
nitrate and phosphate combined, and elevated pCO2 (~ 1000 µatm). Treatment conditions 
were randomly assigned to settlement containers, with two (R1) or three (R2) containers 
per treatment. Planula collected from individual colonies were evenly distributed between 
settling containers, providing an equal representation of genotypes, with 15 larvae per 
container in R1, and 28 per container in R2. To maintain water quality during the 
settlement period of ~ 120 hours, 50% water exchanges were performed every 12 hours. 
Thereafter, the treatments were maintained with a flow-through system, utilizing 
peristaltic pumps to transfer seawater from reservoirs at the rate of 0.5 l/hr. Elevated 
nutrient concentrations were achieved by the addition of concentrated solutions of KNO3 
and KH2PO4 to natural seawater in the reservoir supplying the appropriate tanks, and 
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elevated pCO2 concentrations were achieved by following the pH controlled CO2 injected 
reservoir system method described by Reynaud et al. (2003). Nitrate concentration was 
determined with an Ocean Optics CHEM2000 Miniature Fiber Optic Spectrophotometer 
utilizing the NECi Saltwater Nitrate Method (SW-NTK, Ryswyk et al. 2007, Ringuet et 
al. 2011). Phosphate concentration was determined with an Ocean Optics CHEM2000 
Miniature Fiber Optic Spectrophotometer utilizing the method described in Parsons et al. 
(1984). Total alkalinity (TA) and pH measurements were used to monitor the pCO2 
concentration using the program developed for CO2 System Calculations by Lewis and 
Wallace (1998). All tanks were maintained under the same salinity (35.54 ± 0.49 ppt), 
temperature (26.19 ± 0.29°C), circulation, and light (metal halide lamps, 175 watt, 
10,000K, photoperiod 12:12) conditions. Water quality parameters are summarized in 
Table 2.1. Physical parameters (temperature, NO3
–
, P-PO4
3–
, pCO2, pH and TA) between 
tanks within treatments were compared using One-way ANOVA (α=0.05) or Kruskal-
Wallis one-way analysis of variance on ranks (α=0.05). No significant differences in 
these parameters were found between tanks within treatments (p>0.05). 
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Table 2.1: Mean water quality parameters (± SD) for each treatment. 
Treatment Parameter Run 1 Run 2 
Control (Control) Nitrate (µM) 1.337 (± 0.099) 1.259 (± 0.164) 
 Phosphate (µM) 0.383 (± 0.067) 0.345 (± 0.035) 
 pCO2 (µatm) 493.16 (± 28.81) 482.44 (± 17.45) 
 pH (T) 7.999 (± 0.013) 8.001 (± 0.011) 
 TA (µmol kg
-1
) 2468.57 (± 84.07) 2436.43 (± 42.31) 
Nitrate (N) Nitrate (µM) 10.330 (± 0.253) 10.323 (± 0.173) 
 Phosphate (µM) 0.373 (± 0.060) 0.355 (± 0.050) 
 pCO2 (µatm) 486.69 (± 22.75) 484.81 (± 17.96) 
 pH (T) 7.998 (± 0.017) 7.999 (± 0.014) 
 TA (µmol kg
-1
) 2428.57 (± 49.49) 2435.71 (± 38.46) 
Phosphate (P) Nitrate (µM) 1.301 (± 0.104) 1.270 (± 0.144) 
 Phosphate (µM) 4.118 (± 0.142) 4.152 (± 0.189) 
 pCO2 (µatm) 491.39 (± 20.77) 489.16 (± 22.00) 
 pH (T) 7.996 (± 0.015) 8.001 (± 0.012) 
 TA (µmol kg
-1
) 2443.57 (± 28.65) 2465.71 (± 44.03) 
Nitrate & Phosphate (N-P) Nitrate (µM) 10.310 (± 0.191) 10.280 (± 0.166) 
 Phosphate (µM) 4.105 (± 0.264) 4.176 (± 0.220) 
 pCO2 (µatm) 473.35 (± 21.17) 487.34 (± 26.73) 
 pH (T) 8.004 (± 0.015) 8.000 (± 0.016) 
 TA (µmol kg
-1
) 2415.71 (± 51.17) 2446.43 (± 44.39) 
pCO2 (CO2) Nitrate (µM) 1.270 (± 0.164) 1.288 (± 0.129) 
 Phosphate (µM) 0.376 (± 0.085) 0.350 (± 0.047) 
 pCO2 (µatm) 1042.00 (± 51.45) 1075.95 (± 40.20) 
 pH (T) 7.723 (± 0.019) 7.712 (± 0.018) 
 TA (µmol kg
-1
) 2478.57 (± 49.90) 2495.00 (± 60.06) 
 
After 14 days, settled corals were enumerated, collected, and fixed in 2% 
glutaraldehyde in sodium cacodylate buffered seawater for ultrastructural analysis. 
Recruit size was measured after post-fixation in OsO4. A randomly selected subset of 
recruits (two from each container for R1, and three from each container for R2) were 
dehydrated in a graded ethanol series, and embedded in Spurr™ resin. Ultrathin 
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longitudinal sections were made adjacent to the primary polyp with a Diatome diamond 
knife fitted in a Sorval MT-2 Ultramicrotome, and viewed in a JEOL JEM1400 TEM at 
the Biology Department at the University of Miami and a Philips CM-10 TEM at the 
University of Miami Miller School of Medicine. In each case digital micrographs were 
taken with a Gatan digital camera. SEM examination of Pd coated TEM blocks were 
examined in an FEI XL-30 ESEM/SEM with EDS at the University of Miami Center for 
Advanced Microscopy (UMCAM).  
Larval calcification. Sectioned resin blocks were mounted on carbon adhesive covered 
aluminum stubs, coated with palladium in a sputter coater, and examined in an FEI XL-
30 SEM fitted with an Oxford EDS for elemental analysis of calcified structures. Semi-
quantitative analysis of sub-micron regions of calcification adjacent to the calicodermis 
was carried out in three randomly selected recruits from each treatment. 
Ultrastructure. Zooxanthellar organelles and storage products were identified by 
comparison with previously published TEM micrographs (Shifrin and Chisholm 1981, 
Berner and Izhaki 1994, Ambariyato and Hoegh-Guldberg 1996, Muller-Parker et al. 
1996, Clode et al. 2009). Digital micrographs were calibrated in Image J, and cellular 
characteristics were measured on screen. Symbiodinium sp. present in each image were 
identified and counted. The number of degraded zooxanthellae and dividing cells 
(doublets) were quantified. A minimum of ten discrete, intact and non-dividing 
zooxanthellae from each larva were randomly selected for measurement. Zooxanthellae 
diameter was determined by measurement across the widest part of each cell. The area of 
each zooxanthella was determined by tracing the edge of each cell, and the area of 
organelles and storage products was determined by tracing the area of each component 
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using the Image J wand tool, which automatically selects pixels of equal or similar value, 
or thresholded pixels, forming a contiguous area. These measurements were then used to 
quantify the relative organelle surface area per cell.  
Statistical analyses: Data were tested for normality (Brown-Forsythe) and 
homoscedasticity (Komolgorov-Smirnov/Lilliefors) and transformed to meet these 
assumptions where applicable, or nonparametric methods were used. Tukey’s Unequal N 
HSD (parametric) or Multiple Comparisons (nonparametric) was used for post-hoc 
analysis. All statistical tests were performed using STATISTICA 12. 
To compare survivorship between treatments, one-way ANOVA (α=0.05) on 
untransformed data was used to compare survivorship percent between treatments for R1 
and R2. Mixed model 2-way nested ANOVA [Factors: Treatment and Treatment Tank 
(Treatment)] (α=0.05) on untransformed data was used to examine the effects of the 
treatments on recruit size. One-way ANOVA (α=0.05) on untransformed data was used 
to examine the effects of the treatments on zooxanthellae degradation (percentage of 
degraded zooxanthellae). The mitotic index (percentage of zooxanthellae occurring as 
doublets) was homoscedastic but not normally distributed; thus Kruskal-Wallis one-way 
analysis of variance on ranks (α=0.05) was used to examine the effects of the treatments. 
Mixed model 3-way nested ANOVA [Factors: Treatment, Treatment Tank 
(Treatment), and Recruit (Treatment*Treatment Tank)] (α=0.05) were used to examine 
the effects of the treatments on Symbiodinium sp. diameter and organelle data 
(accumulation body size, starch content, lipid content, and uric acid content).  
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The Mann-Whitney U test (α=0.05) was used to compare survivorship, recruit 
size, Symbiodinium sp. diameter and organelle data for each treatment between 
experimental runs. 
RESULTS  
Recruit survivorship. Percent survivorship is shown in Figure 2.1A. One way ANOVA 
found a significant difference in survivorship between treatments for R1 (F(4,5)=5.500, 
p=0.0448), and R2 (F(4,10)=4.750, p=0.0208). Post hoc analysis (Tukey’s HSD) found the 
survivorship in the elevated pCO2 treatment to be less than the control treatment for R1 
(p=0.0169) and R2 (p=0.0169).  
Recruit survivorship was not significantly different between experimental runs 
(p>0.5) for all treatments. 
Recruit size. Mean recruit size is shown in Figure 2.1B. Mixed model 2-way nested 
ANOVA found no significant difference in recruit diameter between treatments for R1 
(F(4,5)=3.848, p=0.0826) or R2 (F(4,10)=1.547, p=0.2593). No significant effect was found 
for the nested random factor of treatment tank for R1 (p=0.5252) or R2 (p=0.3124). 
Recruit diameter was significantly greater in R2 than in R1 (p<0.01) for all 
treatments combined. 
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Figure 2.1: Porites astreoides. A) Mean % survivorship (±SE) between treatments and B) Mean 
recruit diameter (±SE) between treatments. Means that differ significantly are indicated by different 
letter groups above each histogram; associated subscripts denote main statistical groups (i.e. 
subscript 1=R1 only).  
Symbiodinium sp. degradation and reproduction. The mean percentage of degraded 
zooxanthellae occurring in each treatment is shown in Fig. 2.2A. One-way ANOVA 
found a significant difference between treatments for R2 (F(4,40)=3.035, p=0.0282) but not 
for R1 (F(4,15)=0.237, p=0.9128). Post hoc analysis (Tukey’s HSD) found zooxanthellae 
degradation in the elevated pCO2 treatment to be significantly higher than the N 
treatment (p=0.0232) for R2.   
The mean mitotic index percentage observed for each treatment is shown in Fig. 
2.2B. Kruskal Wallis one-way analysis of variance on ranks found no overall significant 
difference in the percentage of doublets between treatments for R1 (p=0.6950) or R2 
(p=0.1375), 
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Figure 2.2: Symbiodinium sp. A) Mean % degraded zooxanthellae (±SE) between treatments and B) 
Mean mitotic index % (±SE) between treatments. Means that differ significantly are indicated by 
different letter groups above each histogram; associated subscripts denote main statistical groups 
(i.e. subscript 1=R1 only).  
Symbiodinium size and organelle ultrastructure 
Cell diameter: Mean cell diameter is shown in Figure 2.3A. No significant 
difference in cell size between treatments was found for R1 (F(4,5)=2.344, p=0.1875) or 
R2 (F(4,10)=1.260, p=0.3471). The nested random factor of treatment tank produced no 
significant effect for R1 (p=0.6749) or R2 (p=0.0527); zooxanthellae diameter was not 
found to differ significantly between tanks within treatments. The nested random factor 
of recruits within tanks within overall treatments had a significant effect for R1 
(p=0.0002) but not for R2 (p=0.1652).  
Cell diameter was significantly greater in R2 in elevated N (p=0.0173) and 
significantly less in R2 in elevated N-P (p=0.0006) compared to R1.  
Accumulation body diameter. Mean accumulation body diameter is shown in 
Figure 2.3B. No significant difference in accumulation body diameter between treatments 
was found for R1 (F(4,5)=0.331, p=0.8469) or R2 (F(4,10)=3.402, p=0.0501). Post-hoc 
analysis indicated that accumulation body diameter in the N-P zooxanthellae was 
significantly less than those in the elevated N zooxanthellae for R2 (p=0.0006). The 
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nested random factor of treatment tank produced no significant effect for R1 (p=0.6008) 
or R2 (p=0.3472). The nested random factor of recruits within tanks within overall 
treatments had a significant effect for R2 (p=0.0496) but not for R1 (p=0.4134). 
 Accumulation body diameter was significantly greater in R2 in elevated N 
(p=0.0009), P (0.0012), and pCO2 (p=0.0032) compared to R1. 
Intracellular starch. The mean percentage intracellular area occupied by starch 
bodies is shown in Fig. 2.3C. A highly significant difference in intracellular starch stores 
was found between treatments for R1 (F(4,5)=41.739, p=0.0005) and R2 (F(4,10)=163.430, 
p=0.0000). For R1, post-hoc analysis indicated no significant difference in starch stores 
between the control, N-P, and CO2 treatments. Starch accumulation in the elevated N and 
P treatments was significantly higher than other treatments. Accumulated starch in the 
elevated P only treatment was significantly less than in the N only treatment. For R2, 
starch stores in the control and N-P treatment were not significantly different, and were 
significantly less than the other treatments. Accumulated starch in the elevated CO2 
treatment was significantly higher than in the control or N-P treatments, but significantly 
less than in the separate elevated N or P treatments. The highest starch content in both R1 
and R2 was observed in the elevated N treatment (Fig. 2.4C), and was significantly 
higher than all other treatments. No significant effect was found for the nested random 
factor of treatment tank or recruit for R1 (p=0.8893, p=0.2708) or R2 (p=0.6549, 
p=0.1444).  
Starch area percentage was significantly less in R2 in the Control (p=0.000), 
elevated P (p=0.0022), N-P (0.0000), and pCO2 (p=0.0046) compared to R1. 
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Figure 2.3: Symbiodinium in Porites astreoides recruits. A) Mean diameter (±SE), B) mean 
accumulation body diameter (±SE), C) mean % starch area (±SE), D) mean % lipid area (±SE)  and 
E) mean % uric acid vacuole area (±SE) between treatments. Means that differ significantly are 
indicated by different letter groups above each histogram; associated subscripts denote main 
statistical groups (i.e. subscript 1=R1 only).  
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Figure 2.4: Symbiodinium in Porites astreoides. Zooxanthellae from recruits grown under A) control 
conditions, B) elevated pCO2 concentrations, or C) elevated nitrate conditions; D) calcium carbonate 
crystals forming adjacent to calicodermis. Note individual crystals (circle) and virus (red arrow). 
cl=chloroplast, li=lipid, nu=nucleus, py=pyrenoid body, st=starch, ua=uric acid. Scale bars A, B & C 
= 2 µm, D = 0.2 µm.   
Intracellular lipid. The mean percentage intracellular area occupied by lipid 
globules is shown in Fig. 2.3D. A highly significant difference in intracellular lipid stores 
between treatments was found for R1 (F(4,5)=37.120, p=0.0006) and R2 (F(4,10)=219.880, 
p=0.0000). Post-hoc analysis for R1 indicated no significant difference in lipid stores 
between the control, P, N-P and CO2 treatments. For R2, lipid content in the elevated P 
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and pCO2 treatments was significantly higher than the control and combined N-P 
treatment. Similar to starch accumulation, lipid accumulation was lowest in the control 
and elevated N-P treatments. For both R1 and R2, lipid content in the elevated N 
treatment was significantly higher than in all other treatments (Fig. 2.4C). No significant 
effect was found for the nested random factor of treatment tank or recruit for R1 
(p=0.9246, 0.0110) or R2 (p=0.7993, p=0.3138).  
Lipid area percentage was significantly less in R2 in the Control (p=0.000), 
elevated P (p=0.0000), N-P (0.0000), and pCO2 (p=0.0000) compared to R1. 
Intracellular uric acid. The mean percentage intracellular area occupied by uric 
acid vacuoles is shown in Fig. 2.3E. A highly significant difference in uric acid stores 
was found between treatments for R1 (F(4,5)=16.276, p=0.0045) and R2 (F(4,10)=63.210, 
p=0.0000). For R1, post-hoc analysis indicated that uric acid content was significantly 
lower under elevated N or P compared to other treatments. The combined N-P treatment 
was not significantly different from the control. For R2, uric acid content was 
significantly lower under elevated N compared to other treatments. Elevated P was 
significantly higher than elevated N but significantly less than all other treatments. For 
both R1 and R2, the highest uric acid content was found in the elevated CO2 treatment 
(Fig. 2.4B), but was only statistically significantly higher than in the control in R1. The 
nested random factor of treatment tank produced no significant effect for R1 (p=0.2148) 
or R2 (p=0.7738); mean uric acid content was not found to differ significantly between 
tanks within treatments. The nested random factor of recruits within tanks within overall 
treatments had a significant effect for R2 (p=0.0022) but not for R1 (p=0.2429).  
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Uric area percentage was significantly greater in R2 in elevated P (p=0.0000), N-
P (0.0000), and pCO2 (p=0.0165) compared to R1. 
Calcification. Calcium carbonate skeleton was observed in all treatments except elevated 
nitrate. Semi-quantitative EDS analysis of sub-micron regions of calcification adjacent to 
calicodermis from three randomly selected recruits from each treatment (Fig. 2.4D) 
indicated that aragonite was the dominant form of CaCO3 present, although variability in 
amount of strontium incorporated into the crystal lattice was noted (Fig. 2.5).  
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Figure 2.5: Skeleton elemental analyses (EDS) showing mean semi-quantitative elemental % (±SD) in 
treatments for Run 2. 
Viruses and hexagonal structures (~ 40-50 nm) identified as virus-like particles 
(V P’s) were identified in recruits from all treatments except the control. These were 
typically located in the calicodermis or at the calcifying front (Fig. 2.4D). No significant 
Symbiodinium sp. microbial infection was observed.  
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DISCUSSION 
Zooxanthellae may provide up to 95% of their photosynthetically fixed carbon to 
the adult coral host (Falkowski et al. 1984, Muscatine et al. 1984), and a mutual benefit 
of the symbiosis is uptake of host metabolic products (ammonium and nitrate) and 
respiratory CO2 by the symbiont. The P. astreoides larvae inherit their Symbiodinium sp. 
from the parent colony through vertical transmission, and may rely on them for energy 
throughout the larval period, although the extent of this energetic requirement is largely 
unknown, as even recruits contain large amounts of stored lipids (pers. obs.). Harii et al. 
(2010) demonstrated that larvae of the brooding coral Pocillopora damicornis derived 
approximately 40% of their metabolic demand from stored lipids with the remaining 60% 
from other sources. As adult corals derive significant energy from their symbionts, it is 
likely that symbiont-containing larvae do as well (Harii et al. 2010). If this hypothesis is 
true, then elevated nutrient and/or pCO2 concentrations, which are known to affect 
dinoflagellates in adult corals and other marine invertebrates, are likely to also affect 
those in coral larvae and recruits.  
Elevated nitrogen and phosphorus. Corals and zooxanthellae have evolved to form a 
symbiotic partnership in coastal waters that are generally characterized by low ambient 
nutrient concentrations. Thus, the holobiont relies on nitrogen conservation (preferential 
use of photosynthetic carbon received from algal cells for host respiration) and/or 
recycling for growth and survival (Wang and Douglas 1998). The presence of higher than 
normal concentrations of nutrients may disrupt the carbon/nutrient flux between the 
symbiotic partners. 
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In adult corals, elevated nutrient levels have negative effects on coral growth rates 
(Hallock and Schlager 1986, Stambler et al. 1991, Ferrier-Pagès et al. 2000, Renegar and 
Riegl 2005). In this experiment, although the recruits from R1 were an average of 38.2% 
(±4.4%) smaller than those in R2, no specific trends were observed in recruit size 
between treatments after 14 days of exposure. It is unlikely that this is a result of 
procedural artifact as post-fixation shrinkage would uniformly affect recruits regardless 
of treatment. Consequently, the size difference may be due to variation in initial size of 
spawned larvae. Similar survivorship trends were observed in both experimental runs 
under elevated N, elevated P and elevated N-P combined, but these effects were not 
significant. Specifically, when compared to the control, mean survivorship was 19.4% (± 
5.3%) less under elevated nitrate, 31.0% (± 0.3%) less under elevated phosphate, and 
13.9% (± 2.0%) less under elevated nitrate and phosphate combined. This indicates an 
antagonistic effect when nitrate and phosphate are combined. Although these trends were 
not statistically significant, the experiment was short in length, and the distinct trends 
observed in both experimental runs indicate that the effects are the result of the 
treatments. 
Symbiodinium are generally regarded to be nitrogen and phosphorus limited in 
hospite based on evidence that the coral host controls the amount of nutrient available to 
the symbiont (Rees 1991). This results in translocation of most of the photosynthetically 
fixed carbon to the coral host (Falkowski et al. 1993). Zooxanthellae densities and growth 
rates increase when nitrogen is supplied in the form of particulate food or supplemental 
ammonium or nitrate (Hoegh-Guldberg and Smith 1989; Muscatine et al. 1989; Stimson 
and Kinzie 1991), and several studies have examined nutritional status of zooxanthellae 
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through ammonium enhancement of dark carbon fixation to demonstrate nitrogen 
deficiency (Cook et al. 1992 and 1994; Davy and Cook 2001; Davy et al. 2006). No 
trends were observed in Symbiodinium size; the mean zooxanthellae diameter was 
approximately 8 µm in all the treatments. This is not surprising as symbiont cell size in 
hospite is likely limited by vacuole or host cell size and therefore is not generally a useful 
indicator of nutritional status. Health and nutritional status may also be inferred from the 
relative percentage of degraded cells observed in hospite. The mean percentage of 
degraded Symbiodinium among the nutrient treatments was the lowest under elevated N 
(15.3 ± 1.5%) and highest under elevated P (19.4 ± 5.1%), although neither were 
significantly different from the Control (14.0 ± 3.9%) or combined elevated N-P (16.4 ± 
4.3%). Thus, the overall health of the symbiont population was not necessarily affected 
by elevated nutrients.  
Symbiodinium ultrastructural characteristics generally demonstrated similar trends 
in both experimental runs, and significant changes in the relative storage of energetic 
compounds, including starch, lipid, and uric acid were observed as a result of elevated 
nutrient concentrations. Accumulation bodies are hypothesized to have a function related 
to autophagic processes (cell aging) (Lesser and Shick 1990, Domotor and D’Elia 1986), 
and a similar pattern was observed in both experimental runs, although these patterns 
were not significant for R1 (likely related to the smaller sample size). For R2, 
accumulation body diameter in elevated N-P zooxanthellae was significantly less than in 
elevated N, although neither is significantly different from the control. This variation in 
the size of the intracellular vacuole that stores waste products is indicative of a faster 
symbiont cell division rate under elevated N-P (Cook and D’Elia 1987) compared to 
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those under elevated N alone. This is supported by the higher percentage of doublets in 
the combined N-P treatment (5.5 ± 2.4%) when compared to the control (3.4 ± 2.7%) and 
individual elevated N (2.6 ± 0.9%) or elevated P (2.7 ± 2.4%). This observation is likely 
related to the lack of phosphorus limitation in the combined nutrient treatment, although 
the similarity of the combined N-P treatment to the control suggests that both nutrients 
are limiting and their combined presence can support balanced growth not unlike that 
found under non-enriched conditions. 
While Symbiodinium intracellular stores of starch and lipid have been observed to 
be responsive to nutrient supply (Muller-Parker et al. 1996), the results observed in this 
study are inconsistent with previous studies. Here, accumulation of starch and lipid was 
significantly higher in the elevated N treatment compared to all other treatments, 
indicating that the zooxanthellae were accumulating significantly more carbon as starch 
and lipid under elevated nitrate. Ambariyato and Hoegh-Guldberg (1996) observed 
significantly lower starch accumulation under elevated nitrogen in Symbiodinium of the 
clam Tridacna maxima after exposure to elevated ammonium and combined elevated 
ammonium and phosphate, but not under elevated phosphate alone. Berner and Izhaki 
(1994) found a similar trend in Symbiodinium from the coral Pocillopora damicornis.  
In addition to considering the exposure time and species studied, particular 
attention must be given to the form of nitrogen used when interpreting experimental 
results where elevated nitrogen is used as a stressor. While multiple studies have 
established the effects of elevated nutrients on a varying array of assessment metrics, 
these experiments have used multiple forms of nitrogen (generally either ammonium or 
nitrate), which are used differentially by the host and the symbiont. Both the coral host 
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and the symbiotic algae are capable of NH4 assimilation; in the coral, ammonium is 
assimilated by the NADP-glutamate dehydrogenase (NADP-GDH) pathway (Miller and 
Yellowlees 1989; Roberts et al. 2001). Zooxanthellae assimilate ammonium by the 
glutamine synthetase/glutamine 2-oxoglutarate amido transferase (GS/GOGAT) pathway. 
In contrast, only the symbiont is capable of utilizing NO3 as a nitrogen source and 
translocating it to the host (Stambler 2010). Ammonium is the preferred form of nitrogen, 
and nitrate uptake rates decrease when ammonium is available (Grover et al. 2003).  
The results of this experiment are likely a reflection of the use of nitrate as the 
source of excess nitrogen as opposed to the elevated ammonium used in previous studies 
(Berner and Izhaki 1994, Ambariyato and Hoegh-Guldberg 1996). In this study, elevated 
N did not significantly affect recruit size or survivorship, but starch and lipid 
accumulation were significantly higher than in the control or combined N-P treatments. 
Overall, the zooxanthellae accumulated an average of 172.1% (± 104.9 %) more carbon 
(as starch and lipid) under elevated N compared to the control. It is possible that the coral 
host may not view nitrate as a nitrogen source, allowing the symbiont (which can use 
nitrate as a nitrogen source) to accumulate energy stores under elevated nitrate in the 
absence of host demand. This scenario, under which the coral interprets the persistence of 
nitrogen insufficiency, would support previous observations of starch and lipid 
accumulation in the zooxanthellae of starved anemones and clams (Shifrin and Chisholm 
1981, Muller-Parker et al. 1996). The lack of recruit calcification under elevated nitrate 
observed in this study further supports this concept. 
Phosphorus is also an important nutrient that is utilized in the composition of 
many essential molecules such as adenosine triphosphate (ATP), a key energetic 
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compound. Phosphorus is generally regarded as a limiting nutrient (Miller and 
Yellowlees 1989, Belda et al. 1993) and is taken up relatively quickly by the coral 
holobiont (Sorokin 1992, Godinot et al. 2009). Symbiodinium have a very efficient 
phosphate transporter and store polyphosphate (Stambler 2010), although its ultimate fate 
in the symbiotic association is not well understood (Godinot et al. 2011). In this study, 
elevated P did not significantly affect recruit size or survivorship, but starch and lipid 
accumulation were significantly higher than in the control or combined N-P treatments. 
Thus, the zooxanthellae were accumulating an average of 55.0% (± 27.3%) more carbon 
(as starch and lipid) under elevated P (~4 μM P-PO4
3–
) than the control. This correlates 
with the approximate 43% increase in total zooxanthellar carbon observed under a lower 
concentration of elevated phosphate (~2.5 μM P-PO4
3–
) in Stylophora pistillata by 
Godinot et al. (2011). Phosphate enrichment results in accumulation of phosphorus in the 
zooxanthellar and skeletal compartments, but not in the animal compartment (Godinot et 
al. 2011). If the coral animal is unable to sequester inorganic phosphate, then the effect of 
phosphate enrichment may be somewhat analogous to that of nitrate enrichment, with the 
zooxanthellae accumulating carbon stores independent of the host.  
When nitrate and phosphate are combined, however, the effect on starch and lipid 
accumulation is antagonistic, and carbon accumulation is not significantly different from 
the controls. This differs from the single other study on the ultrastructural effects of 
combined nutrients; Ambariyato and Hoegh-Guldberg (1996) observed significant 
increases in intracellular starch under combined elevated ammonium and phosphate in 
zooxanthellae of the clam T. maxima (but note the use of ammonium instead of nitrate). 
The similarity in carbon accumulation in this study under combined nutrient enrichment 
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compared to control conditions indicates a nitrogen-phosphorus co-limitation of 
Symbiodinium in the P. astreoides larvae. This is supported by the somewhat smaller, 
though not significant zooxanthellar accumulation body diameter. Taken together, these 
ultrastructural metrics suggest that combined nitrate and phosphate enrichment may be 
sufficient to support balanced algal cell growth, with the zooxanthellae using energy for 
their own growth and division, uncoupled from the growth of the coral host. The 
concomitant smaller recruit diameter in elevated N-P supports this and indicates 
subsequent negative impacts on coral calcification, as are observed in adult corals 
(Kinsey and Davies 1979, Ferrier-Pages et al. 2000, Renegar and Riegl 2005). 
While starch and lipid represent carbon storage, uric acid is a nitrogen compound, 
and Symbiodinium sp. may potentially store nitrogen as uric acid for use when N supplies 
are low (Davy et al. 2006). In this study, the zooxanthellae in recruits exposed to elevated 
N alone stored an average of 50.8% (± 6.5%) less nitrogen than the control; thus they are 
storing significantly less nitrogen when not nitrogen limited. When not phosphate 
limited, nitrogen storage is an average of 30.2% (± 11.3%) less than the control. Taken 
together these results would seem to indicate that limitation of either primary nutrient 
(through elevated levels of the complementary primary nutrient) results in reduced 
nitrogen accumulation by the zooxanthellae.  
Unlike carbon accumulation, the combined effect of nitrate and phosphate on uric 
acid content was additive when compared to the separate nutrient treatments. The 
zooxanthellae in the N-P treatment accumulated an average of 84.7% (± 65.6%) and 
26.3% (± 8.5%), more nitrogen than the separate N or P treatments, respectively. 
However, this accumulation was similar to that observed in the control (mean uric acid 
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stores of 11.36 ± 20.2% less than the control), supporting the concept that combined 
nitrate and phosphate can support balanced zooxanthellar growth that maintains host 
nitrogen insufficiency, as neither nutrient is consumed by the host.  
Elevated carbon dioxide. As part of the symbiotic association, Symbiodinium sp. take up 
respiratory CO2 from the coral host. In the chloroplasts, CO2 concentrating mechanisms 
(CCM’s) maintain high concentrations of CO2 around the ribulose-1,5-biphosphate 
carboxylase/oxygenase enzyme (Rubisco) (Rowan et al. 1996), and high carbonic 
anhydrase activity by the host provides sufficient CO2 partial pressures in the 
environment to enable carbon fixation (Allemand et al. 1998). In this experiment, recruit 
survivorship was reduced significantly by elevated pCO2 concentrations; mean recruit 
survivorship under elevated pCO2 was 55.8% (± 8.2%) less than the control. This may be 
related to the lower pH in the elevated pCO2 treatment; however Albright et al. (2008) 
and Cohen et al. (2009) found no significant impact on survivorship at similar pH levels 
to those in this study. As with nutrient enrichment, methodology must be taken into 
account, as both of these studies altered carbonate saturation state with HCL additions as 
opposed to CO2 addition.  
At least one study (Ries et al. 2006) has identified the possibility of calcite 
deposition in some corals as an effect of decreased saturation state resulting from 
elevated CO2. In this study, examination of calcified structures in recruits from all 
treatments (except elevated nitrate) identified the dominant CaCO3 form present as 
aragonite. This concurs with the findings of other studies that identified the production of 
aragonite even under low saturation states (Albright et al. 2008, Cohen et al. 2009, Clode 
et al. 2010, Suwa et al. 2010).  
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In terms of carbon accumulation, zooxanthellae in the elevated CO2 treatment 
accumulated an average of 23.4% (± 11.4%) more starch and lipid than the control. 
Although the mechanism by which DIC is supplied to the zooxanthellae is still unclear, it 
is estimated that approximately 15% is supplied by host respiration and the remainder 
from diffusion or active transport through host tissues (Furla et al. 2005, Yellowlees et al. 
2008). Increased chlorophyll content and photosynthetic rate under hypercapnic 
conditions have been demonstrated in zooxanthellae of scleractinian corals (Crawley et 
al. 2010, Rodolfo-Metalpa et al. 2011), and higher mitotic index with concomitant higher 
expulsion rates in anemones (Towanda and Theusen 2012). In this study, the mean 
mitotic index percentage in the high CO2 treatment was 4.8% (± 2.3%) compared to 3.4% 
(± 2.7%) in the control, and the mean percentage of degraded Symbiodinium was the 
highest under elevated CO2 (24.1 ± 9.4%) among all treatments, nearly double that 
observed in the control. Thus, the physiologic conditions caused by CO2 enrichment may 
be analogous to nutrient enrichment, in that the host may not be able to regulate symbiont 
population levels or photosynthate transference effectively under non-ideal conditions, 
particularly those that favor symbiont growth.   
Zooxanthellar nitrogen accumulation, in the form of uric acid, was the highest 
under elevated CO2 with a mean content 26.3% (± 17.95) higher than the control. The 
potential sources of available nitrogen to the symbiont in-hospite include the surrounding 
seawater and metabolic products of the coral tissue itself. The depletion-diffusion 
hypothesis (D’Elia et al. 1983) proposes that assimilation of nutrients creates a diffusion 
gradient which, in turn, further facilitates the nutrient acquisition from the surrounding 
seawater by the coral holobiont. Thus, nutrients reaching the zooxanthellae must pass 
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through the coral tissues, either by diffusion or active transport. Fitt et al. (1995) 
observed a correlation between pH and the availability of ammonium, where the diel pH 
increase quenched the pH gradient between the surrounding seawater and hemolymph in 
giant clams, resulting in decreased ability to acquire ammonium from seawater by 
diffusion. Similarly, Doyle and Doyle (1940) identified an increase in the number of 
crystals (incorrectly identified as calcium oxalate) concomitant with lowered pH when 
zooxanthellae were placed in the dark. Thus, if the reduced pH resulting from CO2 
addition enhances diffusional nitrogen uptake, it may allow the symbiont to sequester a 
substantially higher proportion of the available nitrogen, reducing the amount available to 
the host. When combined with the potential of elevated CO2 concentrations to enhance 
photosynthesis by reducing the level of symbiont carbon limitation (Lesser et al. 1994, 
Ku  hl et al. 1995), elevated CO2 may induce a state of nitrogen starvation ultimately 
sufficient to reduce survivorship. This previously unrecognized possible consequence of 
ocean acidification warrants further study. 
The rate and amount of carbon translocation from the symbiont to the host is 
dependent on several factors, including coral species, Symbiodinium clade, illumination, 
and nutrient availability. In adult corals, a compound known as host-release factor (HRF) 
controls the amount of photosynthetically fixed carbon translocated to the host. This 
compound has not been positively identified but may be a host-derived chemical signal 
that stimulates release of photosynthetic products by altering the permeability of the algal 
cell membrane to glycerol (Muscatine 1967; Trench 1971; Muscatine et al. 1972, Biel et 
al. 2007), stimulation of glycerol synthesis, inhibition of glycerol metabolism (Hinde 
1988), or induction of glycerol release from storage compounds (Muscatine 1967). The 
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latter is consistent with observations of HRF induced glycerol release in starved 
zooxanthellae (Davy and Cook 2001). 
Coral larvae and recruits, however, may not yet have the ability to limit symbiont 
growth, stimulate the release of photosynthetic products, or limit uptake of nitrogen or 
phosphorus by their zooxanthellae. This need may not arise until yolk-based lipids are 
depleted and the new recruit begins to feed and/or rely on photosynthetic products for 
calcification. It is unknown at what point in the early life history of corals the symbiotic 
relationship is fully established. The exposure to environmental stressors that have the 
potential to enhance the photosynthetic efficiency of the symbiont before the formation of 
a fully functioning symbiosis may decouple photosynthesis from coral calcification, 
interfering with the unique algal-animal mutualism that has allowed coral reefs to 
succeed over geologic time. This study provides evidence that these deleterious effects 
can occur over short time scales, and subsequent experimentation is needed to identify 
the time needed to return to a fully-functioning symbiotic state after environmental 
perturbations.  
A significant result of this study is the identification of possible zooxanthellar 
morphological indices of elevated nutrients and ocean acidification. The similarity in 
starch, lipid and uric acid accumulation patterns in both experimental runs indicate a 
correlation between these anthropogenic stressors and the accumulation of excess carbon 
and nitrogen by the zooxanthellae. Elevated nutrients in particular have the potential to 
negatively impact the symbiotic association, but definitively linking land-based sources 
of pollution to specific effects on coral health is often problematic. Even brief exposure 
to elevated N and/or P inputs have the potential to cumulatively impact reef communities, 
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but the ephemeral nature of runoff events or current patterns that can introduce sewage 
outfall to reef areas make identification of sub-lethal effects difficult in the absence of 
adequate water-quality monitoring programs. Recent efforts to establish nutrient criteria 
in Florida waters have been hampered by the lack of research directly linking coral health 
to nutrient thresholds (E. Shaw, pers. comm.). Additional experimentation is needed to 
quantify the effects of a range of nutrient and CO2 concentrations to identify thresholds of 
effect and confirm the cause-and-effect relationships between nutrient enrichment, ocean 
acidification and the health of the coral holobiont. Further study in this area will provide 
specific research-based information to policy makers and enable the establishment of 
effective management standards.  
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Chapter 3: ELEVATED NUTRIENT AND pCO2 EFFECTS DURING 
TISSUE REPAIR AND REGENERATION IN MONTASTRAEA 
CAVERNOSA AND PORITES ASTREOIDES 
INTRODUCTION 
Corals can be physically damaged in multiple ways, including during collection, 
storms, sedimentation, fishing activities, vessel groundings, predation, and disease 
(Auberson 1982, Curtis 1985, Szmant 2002, Kramarsky-Winter 2004). To ensure survival 
following tissue injury, the priorities of an organism are the restoration of tissue integrity, 
function and prevention of infection. Cells can adopt a number of complicated strategies 
to combat infection including migration into the wound space, deposition of a matrix, and 
formation of new tissue to achieve wound closure. The long term impacts of injury can 
affect growth, reproduction, and resilience, as the energetic requirements of regeneration 
can adversely affect the coral’s ability to tolerate additional stressors and likely increases 
susceptibility to disease (Kramarsky-Winter 2004). Translocation of resources to areas of 
demand is a requirement for high-energy processes such as wound repair (Oren et al. 
2001) and can divert energy from other processes such as reproductive output (Doumart-
Coulon et al. 2006). 
Regeneration refers to the ability of an organism to replace lost parts through 
growth or remodeling of somatic tissue (Goss 1992). This capacity is determined by both 
environmental factors (such as light and nutrient availability) and the overall health of the 
organism, in addition to the genetically pre-determined immune response of the 
individual species. The nature of the immune capability and response is integral to the 
healing process. Details of this process in the Anthozoa have largely been limited to 
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anemones and gorgonians. As in other invertebrates, the Anthozoa possess an innate 
immune response (adaptive immunity is not known in invertebrates), and initial evidence 
indicated that this innate response was limited to phagocytosis in some species 
(Metchikoff 1893, Sparks 1972, Young 1974). While phagocytosis may be the main 
method of response in anthozoans (Bayne 1990, Mullen et al. 2004), it is unlikely that 
their immune capability is thus limited. Patterson and Landolt (1979) examined if 
Anthopleura elegantissima response to a local injury could be multifaceted; they 
observed a homogenous population of mesogleal “granular amoebocytes”, with 
eosinophilic or neutrophilic granules. In uninjured animals, golgi and endoplasmic 
reticulum were absent or poorly developed and thus, not mitotically active in these cells. 
In injured specimens after 48 hours, during initial stages of repair, cellular infiltrates 
(including primary and secondary phagocytes) were present at the surface of the wound, 
where they ruptured and discharged contents to surrounding media. These cells did not 
form organized layers, but increased numbers indicated active migration to wound area. 
Amoebocytes were observed phagocytizing necrotic tissue and eliminating debris by 
release into the surrounding seawater, followed by progressive repair in zones to 
reestablish tissue integrity. From 48 to 72 hours post injury, a zone of repair formed with 
an increased cellular density around the region of damage from epithelial encroachment 
and a rapid influx of secondary phagocytes from resident cells. Some cells exhibited 
features not seen in non-wounded animals, such as proliferation of specific organelles 
(secondary lysosomes were a predominant feature of cells in the wound area). Between 
normal tissue and the damaged margin, the most numerous atypical cells had prolific 
rough endoplasmic reticulum, with morphology suggestive of high energy and intense 
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protein production. Accumulation of highly active cells in a small area would allow low 
levels of protein to reach significant concentrations. Cellular migration from surrounding 
tissue was more likely than local proliferation, as no mitotic figures were observed. This 
migration of cells implies a level of possible chemical control, which may not be needed 
for normally circulating amoebocytes. Overall, the organized reaction to injury focused 
on preventing secondary infection, isolation/sealing of damaged region, and initiation of 
tissue repair, all indicative of functional inflammatory response.  
Meszaros and Bigger (1999) assessed wound repair in the gorgonian Plexaurella 
fusifera. Histological observation of wound closure indicated four major stages over a 
three week period: sealing, repair, fusion and reorganization. The sealing stage included 
the migration of amoebocyte cells to the wound and formation of axial and healing fronts 
of tissue consisting of flattened and joined amoebocytes. Cut tissue edges were smoother 
with epithelial margins curving down towards the axis at the end of this first stage. 
During the repair stage, a thin layer of tissue (axial front) advanced out of the lower 
wound area and along the axis. This axial front thickened and formed a cone shape, 
called the “healing front”, which redefined the wound edge as a gentle slope instead of a 
cliff. During tissue fusion, the lower portion of the healing front extended faster than the 
upper portion, and continued until tissue fusion across the wound was achieved. During 
the final stage, reorganization, the tissue became more organized and compact, less 
opaque, and filled in radially outward from the axis. Cellular reorganization proceeded 
until the only evidence of the wound was a slight indentation in the tissue. 
Few studies have examined the cellular characteristics of tissue repair in 
scleractinian corals. Of these, Work and Aeby (2010) histologically examined wound 
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repair in Montipora capitata. Healing of a 0.5 cm wide wound progressed from exposed 
basal body wall and mesenterial filaments observed at Day 0. By 2-4 days post injury, 
multiple islands of epidermal regeneration were present, characterized by clumps of 
columnar ciliated epithelium interspersed with squamous cells; these areas of epidermal 
regeneration and re-epithelialization appeared to originate from the basal body wall 
opposite the gastrovascular canals, suggesting that the calicodermis may be pluripotent. 
Re-epithelialization was essentially complete by day 8 post-injury, with the expected 
architecture of epidermis with mucus cells, mesoglea and gastrodermis, and an increasing 
zooxanthellae population. By day 12, surface body wall was indistinguishable from 
normal tissue except for fewer zooxanthellae. Unlike previous observations of mesogleal 
swelling and amoebocyte cell migration towards the wound in soft corals and anemones, 
M. capitata demonstrated little inflammatory response. Therefore, migration of epidermal 
cells from edges of lesions may not be as important in M. capitata as in other species.  
Concomitant with the lack documentation of cellular and tissue repair in 
scleractinian corals is a lack of knowledge on the effects of environmental stress or 
disturbance on the regeneration process. It is likely that a number of factors may 
influence or delay the healing process; studies have suggested that regeneration in corals 
is supported by limited energy reserves possibly determined by the degree of damage 
(Meesters et al. 1994, Meesters et al. 1997, Lirman 2000). Regeneration capacity is also 
positively correlated to increasing body size (Bak and Meesters 1998, Kramarsky-Winter 
and Loya 2000, Henry and Hart 2005). The age of a colonial organism is a key factor as 
well; the translocation strategy of many corals emphasizes faster peripheral growth, 
which intrinsically directs resources from proximal areas and thus reduces regenerative 
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capacity of older regions of the organism (Palumbi and Jackson 1982, Henry and Hart 
2005). Small-polyped corals tend to regenerate faster than those with large polyps, and 
mounding species tend to regenerate faster than plating or branching forms (Fishelson 
1973, Riegl and Velimirov 1991, Meesters et al. 1992). In gorgonians, light intensity was 
not found to significantly affect the wound healing process, although overall increases in 
zooxanthellae concentrations were found in wounded specimens (Meszaros and Bigger 
1999).  
The effects of environmental stress on regeneration capacity are varied. Through 
increased metabolic rate, higher water temperature has the potential to increase rates of 
regeneration (Kramarsky-Winter and Loya 2000); however temperature-induced 
bleaching may reduce or eliminate regenerative capacity (Meesters and Bak 1993). 
Sedimentation may or may not influence regeneration, possibly depending on species 
adaptation to sediments and efficiency at sediment removal (Meesters et al. 1992). As a 
highly energetic process, the stress of and energy requirements for regeneration and 
repair may disrupt the coral zooxanthellae relationship (Meszaros and Bigger 1999), 
particularly in the presence of elevated nutrients and pCO2. As this effect is not well 
understood, elucidation of this complex process and the possible effects of external 
environmental factors on coral cell biology are essential to coral reef management in 
coastal areas subject to anthropogenic impacts. 
This study provides additional information on the process of tissue repair in corals 
at the histological and ultrastructural level, and examines how this process is affected by 
the presence of elevated nutrients or pCO
2
. The target species, Montastraea cavernosa 
and Porites astreoides, are widespread Caribbean reef-builders with distinct polyp 
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structures. Quantitative assessment of the effect of elevated nutrients and pCO2 on wound 
regeneration rate in injured corals is useful in management decisions involving water 
quality standards and is essential in the prediction of future coral condition and resilience. 
The goals of this study are quantitative evaluation of the effects of elevated nutrients and 
pCO2 on rates of 1) wound regeneration, 2) tissue characteristics over time at the 
histological and ultrastructural level, and 3) trends in symbiotic zooxanthellae 
morphology. 
METHODOLOGY 
Four colonies each of Montastraea cavernosa and Porites astreoides (colony 
diameter approximately 15 cm) were collected from shallow reef waters off Broward 
County, Florida and transported to the laboratory where they were maintained in the land-
based coral nursery. Experimental run 1 (R1) was conducted with colonies collected in 
October 2007, and run 2 (R2) was conducted with colonies collected in July 2008.. 
Within 2 days of collection, colonies were fragmented (cut) using a wet tile saw fitted 
with a diamond blade into 40 4 cm
2
 fragments and moved to an indoor recirculating 
system consisting of three 40 gallon aquaria and a 40 gallon sump with a large protein 
skimmer (EuroReef CS12-1). System circulation (1900 gph) was provided by two 
submersible pumps, and in-tank circulation was supplemented by powerheads placed 
within each tank. Irradiance was supplied by metal halide lamps (175 watt, 10,000K, 
photoperiod 12:12). Weekly 50% water changes were carried out using natural seawater. 
Corals were maintained in this system for 6 weeks to allow acclimation to laboratory 
conditions and healing of fragment margins.  
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Experimental manipulations were carried out in 20 separate (8 l) flow-through 
aquaria partially submerged in a water bath to limit temperature variation between tanks. 
Five treatment conditions were maintained for 14 days, with four tanks for each 
treatment: control, elevated nitrate (N) (~10 μM NO3
–
); phosphate (P) (~4 μM P-PO4
3–
), 
nitrate and phosphate combined (N-P), and pCO2 (CO2) (~ 1000 µatm). Treatment 
conditions were randomly assigned to experimental tanks. A Dremel tool was used to 
create a full thickness wound (approximately 4 mm wide and 5 mm deep in P. astreoides, 
and 4 mm wide and 8 mm deep in M. cavernosa) across each fragment. This wound 
represented an interstice which fully separated the two halves of the fragment. Fragments 
from each colony were then randomly assigned to each treatment, for a total of 160 
fragments per species, with 16 total fragments per tank.   
Treatment conditions were maintained in a flow-through system, utilizing 
peristaltic pumps to transfer seawater from reservoirs at the rate of 0.5 l/hr. Elevated 
nutrient concentrations were achieved by the addition of concentrated solutions of KNO3 
and KH2PO4 to natural seawater in reservoirs supplying the appropriate tanks, and 
elevated pCO2 concentrations were achieved by following the pH controlled CO2 injected 
reservoir system method described by Reynaud et al. (2003). Nitrate concentration was 
determined with an Ocean Optics CHEM2000 Miniature Fiber Optic Spectrophotometer 
utilizing the NECi Saltwater Nitrate Method (SW-NTK, Ryswyk et al. 2007, Ringuet et 
al. 2011). Phosphate concentration was determined with an Ocean Optics CHEM2000 
Miniature Fiber Optic Spectrophotometer utilizing the method described in Parsons et al. 
(1984). Total alkalinity and pH measurements were used to monitor the pCO2 
concentration using the program developed for CO2 System Calculations by Lewis and 
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Wallace (1998). All tanks were maintained under the same salinity (35.52 ± 0.50 ppt), 
temperature (26.63 ± 0.65°C), circulation, and light (metal halide lamps, 175 watt, 
10,000K, photoperiod 12:12) conditions. In-tank circulation was supplemented by a small 
powerhead placed within each treatment tank. Water quality parameters are summarized 
in Table 3.1.  
Table 3.1: Mean water quality parameters ( ± SD) for each treatment. 
Treatment Parameter Run 1 Run 2 
Control (Control) Nitrate (µM) 1.283 (± 0.262) 1.384 (± 0.218) 
 Phosphate (µM) 0.446 (± 0.113) 0.456 (± 0.128) 
 pCO2 (µatm) 487.27 (± 23.53) 489.04 (± 33.52) 
 pH (T) 8.002 (± 0.013) 8.003 (± 0.015) 
 TA (µmol kg
-1
) 2465.63 (± 76.64) 2480.00 (± 48.38) 
Nitrate (N) Nitrate (µM) 10.344 (± 0.556) 10.293 (± 0.401) 
 Phosphate (µM) 0.457 (± 0.198) 0.412 (± 0.175) 
 pCO2 (µatm) 477.24 (± 23.22) 501.56 (± 27.94) 
 pH (T) 8.005 (± 0.018) 7.998 (± 0.017) 
 TA (µmol kg
-1
) 2433.13 (± 37.03) 2504.29 (± 42.20) 
Phosphate (P) Nitrate (µM) 1.332 (± 0.213) 1.417 (± 0.230) 
 Phosphate (µM) 4.274 (± 0.237) 4.293 (± 0.284) 
 pCO2 (µatm) 489.40 (± 29.56) 496.16 (± 38.90) 
 pH (T) 7.999 (± 0.015) 8.000 (± 0.012) 
 TA (µmol kg
-1
) 2458.13 (± 36.98) 2487.14 (± 46.81) 
Nitrate & Phosphate (N-P) Nitrate (µM) 10.438 (± 0.430) 10.360 (± 0.469) 
 Phosphate (µM) 4.345 (± 0.260) 4.303 (± 0.232) 
 pCO2 (µatm) 479.95 (± 27.38) 490.76 (± 23.33) 
 pH (T) 8.002 (± 0.017) 8.002 (± 0.011) 
 TA (µmol kg
-1
) 2423.13 (± 47.65) 2489.29 (± 67.57) 
pCO2 (CO2) Nitrate (µM) 1.304 (± 0.279) 1.404 (± 0.185) 
 Phosphate (µM) 0.476 (± 0.163) 0.478 (± 0.122) 
 pCO2 (µatm) 1056.45 (± 105.37) 1105.51 (± 60.87) 
 pH (T) 7.717 (± 0.035) 7.704 (± 0.026) 
 TA (µmol kg
-1
) 2473.75 (± 47.50) 2505.00 (± 31.86) 
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Physical parameters (temperature, NO3
–
, P-PO4
3–
, pCO2, pH and TA) between 
tanks within treatments were compared using One-way ANOVA (α=0.05) or Kruskal-
Wallis one-way analysis of variance on ranks (α=0.05). No significant differences in 
these parameters were found between tanks within treatments (p>0.05). 
Fragments were periodically removed from experimental tanks at designated time 
intervals post-wounding (for R1: 1 fragment at 12hr, 1D, 2D, 4D, 6D, and 8D, and 3-4 
fragments at 10D, 12D and 14D; for R2: 4 fragments each at 10D and 14 D). Fragments 
were fixed for histological and ultrastructural analysis in 2% glutaraldehyde fixative 
solution [2 mL of 70% glutaraldehyde in 68 mL of cacodylic buffer (2.16 g cacodylic 
acid in 200 mL of .22 µm filtered seawater)]. Fragments were maintained at 4°C in the 
fixative solution for 4-6 days, photographed, and divided into subsets for histological and 
ultrastructural (TEM, calcified and decalcified) analysis. Histological samples were 
decalcified after primary fixation in 5% HCl/EDTA seawater solution, dehydrated in a 
graded series of ethanols and xylene, and embedded in Paraplast Plus®. Longitudinal 
sections (5 µm) were made perpendicular to the long axis of the wound (to capture the 
two opposing healing fronts) and mounted on slides. Two slides were prepared for each 
sample, with sections taken at least 50 µm apart. Sections were cleared in xylene and 
stained with Hematoxylin & Eosin. Stained slides were viewed in an Olympus BX 43 
light microscope at magnifications ranging from 4-60X and photographed with an 
Olympus DP21 digital camera.  
After three changes of buffer, ultrastructural samples were post-fixed in buffered 
1% OsO4 solution. The OsO4 was removed in three buffer changes and a sample subset 
decalcified in 2.5% ascorbic acid solution. Calcified and decalcified samples were 
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dehydrated in a graded ethanol series and embedded in Spurr
TM
 resin. Ultrathin 
longitudinal sections were made perpendicular to the healing tissue front with a Leica 
UC7 Ultramicrotome fitted with a Diatome diamond knife, and viewed in a JEOL 
JEM1400 TEM at the Biology Department at the University of Miami and a Philips CM-
10 TEM at the University of Miami Miller School of Medicine. In each case digital 
micrographs were taken with a Gatan digital camera.  
Wound regeneration rate. Fragments were photographed both after wounding and 
fixation to assess initial wound size and wound regeneration. Digital photographs were 
calibrated in Image J, and wound/tissue areas were measured on screen. The overall area 
of each coral was determined by tracing the edge of each fragment. The initial and final 
wound areas were determined by tracing the wound margins using Image J. These 
measurements were then used to express the wound regeneration rate in mm
2
 d
-1
. 
Histology. Histological characteristics of regenerating tissue were examined. A minimum 
of two wound edges were quantified from each coral, and each wound edge was divided 
into two cell count regions. One region included regenerating coenosarc immediately 
adjacent to the healing front, and a second included a randomly selected area of 
coenosarc >5 mm away from the regenerating front. Coenosarc tissue was chosen for 
quantification since it is the most similar in overall organization and structure to repairing 
tissue (pers. obs.). Measurements were made from each of two slides for each sample. 
Digital micrographs were calibrated in Image J, and tissue and cellular characteristics 
were measured on screen. For both species, the area of each tissue layer [epidermis (EP), 
upper gastrodermis (Upper GD), lower gastrodermis (Lower GD), and calicodermis 
(CD)] was determined by tracing along the edge of each layer along a 100µm contour 
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length. The area of mucocytes and gland cells (M. cavernosa) or mucocytes and granular 
amoebocyte cells (P. astreoides) was determined by tracing the cell margins using Image 
J. These measurements were then used to quantify the relative surface area per contour 
length. Symbiodinium sp. [total number and mitotic index (MI)] and amoebocyte cells 
were quantified where feasible, and the number normalized to tissue area or contour 
length.  
Ultrastructure. Ultrastructural characteristics of regenerating tissue at the healing or new 
tissue front were examined. Symbiodinium sp. organelles and storage products were 
identified by comparison with previously published TEM micrographs (Shifrin and 
Chisholm 1981, Berner and Izhaki 1994, Ambariyato and Hoegh-Guldberg 1996, Muller-
Parker et al. 1996, Clode et al. 2009). Digital micrographs were calibrated in Image J, and 
cellular characteristics were measured on screen. Symbiodinium sp. present in each image 
were identified and counted. A minimum of ten discrete, intact and non-dividing  cells 
from each fragment of both species collected at 14D in R2 were randomly selected for 
measurement. The number of degraded and dividing cells (doublets) were quantified. 
Cell diameter was determined by measurement across the largest diameter of each cell. 
The area of each cell was determined by tracing the edge, and the area of organelles and 
storage products was determined by tracing the area of each component using the Image J 
wand tool, which automatically selects pixels of equal or similar value, or thresholded 
pixels, forming a contiguous area. These measurements were then used to quantify the 
relative organelle surface area per cell. 
Statistical analyses. Data were tested for normality (Brown-Forsythe) and 
homoscedasticity (Komolgorov-Smirnov/Lilliefors) and transformed (square root, 
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logarithmic) to meet these assumptions where applicable, or nonparametric methods were 
used. Tukey’s Unequal N HSD (parametric) or Multiple Comparisons (nonparametric) 
were used for post-hoc analysis. All statistical tests were performed using STATISTICA 
12. 
Mixed model 2-way nested ANOVA [Factors: Treatment and Treatment Tank 
(Treatment)] (α=0.05) was used to compare the effects of the treatments on wound 
regeneration rate between treatments at 10D, 12D, and 14D (for R1) and 10 D and 14D 
(for R2) after wounding. To compare wound healing rate within treatments over time, 
mixed model 2-way nested ANOVA [Factors: Time Post-Injury and Treatment Tank 
(Time)] (α=0.05) was used.  
To compare histological characteristics between treatments at each time interval, 
mixed-model 2-way nested ANOVA [Factors: Treatment and Treatment Tank 
(Treatment)] (α=0.05) was used for samples collected at 10D, 12D, and 14D (for R1) and 
10 D and 14D (for R2) after wounding. To compare histological characteristics within 
treatments over time, mixed model 2-way nested ANOVA [Factors: Time Post-Injury and 
Treatment Tank (Time)] (α=0.05) was used. To compare histological characteristics 
between cell count regions, mixed model 2-way nested ANOVA [Factors: Region and 
Treatment Tank (Region)] (α=0.05) was used.  
One-way ANOVA (α=0.05) or Kruskal Wallis one-way analysis of variance on 
ranks was used to examine the effects of the treatments on the degraded percentage of 
dividing cells (doublets, mitotic index percentage) and on mitotic index (doublets). Due 
to infrequent occurrence, some characteristics (Upper and Lower GD MI, amoebocyte 
density, and gland cell area percentage in M. cavernosa; Upper and Lower GD MI, 
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Lower GD zooxanthellae density, CD mucus area percentage and CD pigmented granular 
amoebocyte area percentage in P. astreoides) were not statistically evaluated.  
Mixed model 3-way nested ANOVA [Factors: Treatment, Treatment Tank 
(Treatment), and Colony (Treatment * treatment tank)] (α=0.05) was used to examine the 
effects of the treatments on Symbiodinium sp. diameter and organelle data (accumulation 
body size, starch content, lipid content, and uric acid content).  
The Mann-Whitney U test (α=0.05) was used to compare regeneration rate and 
histological metrics between experimental runs for each treatment. 
RESULTS 
Montastraea cavernosa  
Wound regeneration rate between treatments. For M. cavernosa, wound healing rate is 
shown in Fig. 3.1A (R1) and 3.1B (R2). For R1, a significant difference was found 
between treatments at 10D (F(4,5)= 5.418, p=0.0461), and post hoc analysis (Tukey’s 
Unequal N HSD) indicated that wound healing rate in elevated P was significantly less 
than all other treatments except elevated CO2. At 12D, no overall significant difference 
between treatments was found (F(4,5)= 3.141, p=0.1206). Healing rate was significantly 
different between treatments at 14D after wounding (F(4,5)= 8.640, p=0.0181), and post 
hoc analysis indicated that healing rate in the control was significantly higher than all 
other treatments; no difference was found between the N, P, NP and CO2 treatments. No 
significant effects were found for the nested random factor of treatment tank at 10D 
(p=0.2551), 12D (p=0.1541), or 14D (p=0.5856).  
In R2, an overall significant difference was found in healing rate between 
treatments at 10D (F(4,15)= 3.712, p=0.0271), and post-hoc analysis indicated that healing 
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rate in the elevated P was significantly less than the control or elevated N treatments 
(p=0.0110, p=0.0131). A significant difference was also found between treatments at 14D 
(F(4,15)= 10.590, p=0.0003), and post hoc analysis indicated a similar pattern as 10D, in 
which wound healing rate in elevated P was significantly less than the control, elevated 
N, and elevated N-P (p=0.0001, p=0.0010, p=0.0397, respectively). No significant effects 
of the nested random factor of treatment tank were found.  
Healing rate was consistently less for all treatments in R2 compared to R1. At 
10D healing rate in R2 was significantly less in the Control (p=0.0191), elevated P 
(p=0.0100), and N-P (0.0309); at 14D, healing rate was significantly less in R2 for all 
treatments (p<0.05). 
Wound regeneration rate within treatments over time. In R1 and R2, no significant 
differences in healing rate were observed between 10D, 12D and 14D (R1), or between 
10D and 14D (R2) post-injury within treatments. No significant effects of the nested 
random factor of treatment tank were found for R1 or R2.  
General morphology. Montastraea cavernosa has large, fleshy polyps that can extend up 
to 1.5 cm into the skeleton. Histologically and ultrastructurally, the thick epidermis is 
composed of columnar supporting cells interspersed with goblet-shaped mucocytes and 
glandular cells.  The mesoglea is thick, with visible fibrous structures, and contains large 
granular and agranular amoebocytes. The upper gastrodermis is relatively thick and 
contains large mucocytes and numerous Symbiodium sp. while the lower gastrodermis is 
more compact, with fewer mucocytes and scattered Symbiodium sp. The calicodermis is 
squamous, granular, and has prominent desmocytes (Peters 1984).  
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Figure 3.1: Montastraea cavernosa. Mean wound regenerating rate in mm
2
 d
-1
 (±SE) between 
treatments at each time interval for A) experimental Run 1 and B) experimental Run 2. Means that 
differ significantly at each time interval are indicated by different letter groups above each 
histogram. 
Cytology of wound healing. Tissue regeneration was characterized by rapid granulation 
of tissue across the wound site, facilitated by granular amoebocytes that coalesce to form 
new tissue at the healing front (Peters, pers. comm.). The Dremel tool created an 
interstice with two opposing, parallel cut edges. Initially, this wound track contained 
significant tissue and skeletal slurry, which generally dispersed within 24 hours due to 
water movement within the tanks. In histological samples preserved 12 hours after 
wounding, the tissue at the wound edges had exposed basal body wall and cellular debris 
was evident (Figs. 3.2A and 3.2B). Despite the short time scale, few unsealed tissue 
edges were observed and epithelialization had begun. After 24 hours, formation of 
epithelial healing fronts was evident (Figs. 3.2C and 3.2D). These healing fronts 
consisted of a wedge of squamous eosinophilic cells which extended towards the 
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opposing wound edge. The basal complex separating the epithelium from the mesoglea 
was disrupted at the healing tip/front, or at least less well defined. Amoebocytes were 
frequently observed in the mesoglea adjacent to the healing front (Fig. 3.2B). Fusion of 
the primary epithelial healing front with islands of regenerating epithelial tissue formed a 
quasi-basal body wall. From 2D post wounding until the end of the experiment, these 
primary healing fronts then continued to advance across the wound towards the opposing 
cut edge. New tissue was generally reorganized, with cellular differentiation into normal 
appearing tissue structure (as described above) approximately 50-75 µm from the healing 
front (Figs. 3.2E and 3.2F, and 3.3A-D). Ultimately, opposing primary healing fronts fuse 
(Fig. 3.3E) and continue differentiation, leaving an indentation in the fragment surface 
where the skeleton was removed (Fig. 3.3F). Where the wound track encompassed part of 
a polyp, the polyp regenerated within the wound track, qualitatively at a faster rate than 
the coenosarc-like tissue formed by the primary epithelial healing fronts. Healing fronts 
similar to those in the Dremel-created wound were also observed around the previously 
cut outer edges of each fragment, with new tissue extending down the side of the cut 
fragment to the depth of the polyps. 
While the wound track created by the Dremel tool was generally of sufficient 
depth to remove all skeletal polyp components and polyp tissue, occasionally a remnant 
of the deep basal polyp tissue remained. The wound track thus contained significant 
tissue debris even after the initial skeletal and tissue slurry created by the Dremel had 
dispersed. This tissue typically did not persist after 24 hours post wounding; however in 
some cases the exceptionally deep tissue reserves of this species generated islands of 
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columnar epithelia (Fig. 3.3D) and permitted re-epithelialization of the basal polyp tissue, 
forming the new oral disc of a very shallow polyp at the bottom of the wound track.  
Tissue ultrastructure. Ultrastructural examination of the healing front in M. cavernosa 
indicated that the squamous eosinophilic migrating edge was composed of a 
heterogenous population of amoebocyte cells. These amoebocytes were generally 
observed to be of two types. Type I amoebocytes contained small granules and were 
observed both integrating with new tissue at the repairing interface and free within the 
mesoglea (Figs. 3.4A and 3.4B). Type II amoebocytes were more distinctly electron 
dense, with globular cellular inclusions (Figs. 3.4C and 3.4D). These were phagocytic in 
nature, frequently observed phagocytizing bacteria found in the epidermis (Fig. 3.4E).  
The newly formed tissue was dense with well-defined cell walls and a distinct 
granular appearance, formed by coalescent Type I amoebocytes (Fig. 3.4A).  Early stage 
tissue differentiation also included phagocytic Type II amoebocytes (Fig. 3.4C and inset). 
Cells in later stage tissue formation had more elongated nuclei, as well as cellular 
inclusions similar to Type II amoebocytes, indicating that both amoebocyte types may 
participate in the tissue formation process (Fig. 3.4D and 3.4E). 
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Figure 3.2: Montastraea cavernosa. Regenerating tissue at wound edge. A) and B) 12 hours post 
injury, C) and D) 24 hours post injury, E) and F) 4 days post injury. bw=body wall, ep=epidermis, 
gd=gastrodermis, hf=healing front, me=mesoglea, w=wound edge, arrow= mesogleal amoebocyte cell. 
Scale bars: A=500 µm, B=20 µm, C=200 µm, D=50 µm, E=200 µm and F=50 µm. 
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Figure 3.3: Montastraea cavernosa. Regenerating tissue at wound edge. A) 6 days post injury, B) 8 
days post injury, C) 10 days post injury, D) 12 days post injury, and E) and F) 14 days post injury. 
bw=body wall, ep=epidermis, gd=gastrodermis, hf=healing front, me= mesoglea, w=wound edge, 
zx=zooxanthellae, arrow=mesogleal amoebocyte cell. Scale bars: A=200 µm, B=20 µm, C=500 µm, 
D=200 µm, E and F=50 µm. 
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Figure 3.4: Montastraea cavernosa. TEM of regenerating tissue at wound edge. A) coalescent type I 
amoebocytes, B) type I amoebocyte in mesoglea C) early tissue differentiation, note type II 
amoebocytes (blue circle and inset) D) later stage tissue differentiation, note elongated nuclei and 
cellular inclusions similar to type II amoebocytes, and E) bacteria (red circles) and type II 
amoebocyte (blue circle). am=amoebocyte, me=mesoglea, mu- mucocyte, n=nucleus, sp=spirocyst. 
Scale bars: A=4 µm, B=1 µm, C=5 µm (inset=1 µm) , D=5 µm, E=2 µm. 
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Symbiodinium sp. ultrastructure. 
Symbiodinium sp. degradation and reproduction: The mean percentage of 
degraded zooxanthellae occurring in each treatment is shown in Fig. 3.5A. One-way 
ANOVA found a significant difference between treatments (F(4,35)= 4.0177, p=0.0087). 
Post hoc analysis (Tukey’s HSD) found zooxanthellae degradation in the elevated P and 
pCO2 treatments to be significantly higher than the control (p=0.0044 and p=0.0464).  
The mean mitotic index percentage observed for each treatment is shown in Fig. 
3.5B. Kruskal Wallis one-way analysis of variance on ranks found a significant 
difference in the percentage of doublets between treatments (p=0.0005). Multiple 
comparisons analysis found the percentage of doublets in the elevated N treatment to be 
significantly higher than the other treatments (p<0.05). 
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Figure 3.5: Symbiodinium sp. in Montastraea cavernosa. A) Mean % degraded zooxanthellae (±SE) 
between treatments and B) Mean mitotic index % (±SE) between treatments. Means that differ 
significantly are indicated by different letter groups above each histogram.  
Cell diameter: Mean cell diameter is shown in Figure 3.6A. A significant 
difference was found between treatments (F(4,15)= 16.171, p=0.0000). Post-hoc analysis 
indicated zooxanthellae diameter in elevated P was significantly greater than the other 
treatments, and greater under elevated N than in the control. The nested random factors of 
treatment tank and colony had no significant effect (p=0.7173 and p=0.4249).  
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Accumulation body diameter. Mean accumulation body diameter is shown in 
Figure 3.6B. Although a significant overall treatment effect was found (F(4,15)= 8.862, 
p=0.0004), post hoc analysis indicated no significant differences. The nested random 
factors of treatment tank and colony had no significant effect (p=0.9399 and p=0.9999). 
Intracellular starch. The mean percentage intracellular area occupied by starch 
bodies is shown in Fig. 3.6C. A significant difference in intracellular starch stores was 
found between treatments (F(4,15)= 8.104, p=0.0009). Post-hoc analysis indicated no 
significant difference in starch stores between the control, P, N-P, and CO2 treatments. 
Starch accumulation in the elevated N treatment was significantly higher than the control 
and elevated N-P treatments. The nested random factors of treatment tank and colony 
produced no significant effect (p=0.6214 and p=0.9988). 
Intracellular lipid. The mean percentage intracellular area occupied by lipid 
globules is shown in Fig. 3.6D. A highly significant difference in intracellular lipid stores 
between treatments was found (F(4,15)= 9.848, p=0.0004). Post-hoc analysis indicated that 
lipid content in the elevated N treatment was significantly higher than all the other 
treatments. No significant difference in lipid stores between the control, P, N-P and CO2 
treatments was found. The nested random factors of treatment tank and colony produced 
no significant effect (p=0.6214 and p=0.9988).  
Intracellular uric acid. The mean percentage intracellular area occupied by uric 
acid vacuoles is shown in Fig. 3.6E. A highly significant difference in uric acid stores 
was found between treatments (F(4,15)= 10.530, p=0.0003). Post-hoc analysis indicated 
that uric acid content was significantly higher in the elevated CO2 treatment compared to 
all treatments except the control. Uric acid content was significantly lower under elevated 
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N compared to other treatments. Elevated P and N-P were not significantly different from 
the control. The nested random factors of treatment tank and colony produced no 
significant effect (p=0.1063 and p=0.9608). 
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Figure 3.6: Symbiodinium sp. in Montastraea cavernosa. A) Mean diameter (±SE), B) mean 
accumulation body diameter (±SE), C) mean % starch area (±SE), D) mean % lipid area (±SE) and 
E) mean % uric acid vacuole area (±SE) between treatments. Means that differ significantly are 
indicated by different letter groups above each histogram. 
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Histological metrics between treatments - regenerating coenosarc directly adjacent to 
the healing front (Appendix A). At 10D post injury in R1, a significant overall treatment 
effect was found for CD tissue area (F(4,5)=7.590, p=0.0237). At 12D, a significant overall 
treatment effect was found for Upper GD mucus area percentage (F(4,5)=29.6010, 
p=0.0011). At 14D post-injury, no significant effects of treatment were found. Post-hoc 
analysis indicated that Upper GD tissue area in elevated CO2 was significantly higher 
than the control (p=0.0265), elevated N (p=0.0174) and elevated N-P (p=0.0121). Upper 
GD zooxanthellae density in elevated CO2 was significantly higher than the control 
(p=0.0477) and N-P treatment (p=0.0408). No significant effects of the nested random 
factor of treatment tank were found at 10D, 12D or 14D. 
At 10D post injury in R2, no significant differences were found between 
treatments. At 14D post injury, a significant overall treatment effect was found for Upper 
GD zooxanthellae density (F(4,15)=3.2873, p=0.0401), and post hoc analysis indicated that 
Upper GD zooxanthellae density was significantly higher in elevated P compared to N-P 
(p=0.0445). No significant effects of the nested random factor of treatment tank were 
found at 10D or 14D. 
Histological metrics between treatments - regenerating coenosarc >5 mm from healing 
front (Appendix A). No significant treatment effects were found at 10D, 12D or 14D post 
injury in R1, The nested random factor of tank significantly effected Upper GD mucus 
area percentage (p=0.0119) at 12D post- injury. At 10D and 14D post-injury, no 
significant effects of the nested random factor of treatment tank were found. 
At 10D post injury in R2, no significant treatment effects were found. At 14D 
post injury, a significant difference between treatments was observed in Upper GD 
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zooxanthellae density and Upper GD mucus area percentage (F(4,15)=4.227, p=0.0173, 
F(4,15)=3.7659, p=0.0259, respectively). Post hoc analysis indicated that Upper GD mucus 
area percentage was higher in elevated P than elevated CO2 (p=0.0058). No significant 
effect of the nested random factor of treatment tank was found at 10D or 14D. 
Histological metrics within treatments over time - regenerating coenosarc directly 
adjacent to the healing front (Appendix B). Of the histological metrics within 
treatments, 95.3% were found to be statistically similar (p>0.05) between R1 and R2 in 
tissue adjacent to the healing front.  
Control. In R1, no overall significant differences between post-injury times was 
observed, however post-hoc analysis indicated that Upper GD mucus area percentage was 
significantly lower at 14D than 12D post injury (p=0.0260). In R2, no significant 
differences between post-injury times were observed. No significant effects of the nested 
random factor of treatment tank were found for R1 or R2.  
Nitrate. In R1, a significant difference between post-injury times was observed for 
CD tissue area (F(2,3)=7.1857, p=0.0077) and Upper GD mucus area percentage 
(F(2,3)=10.8537, p=0.0252). In R2, no overall significant differences between post-injury 
times was observed, however post-hoc analysis indicated that EP mucus area percentage 
was significantly higher 14D post-injury compared to 10D (p=0.0029). No significant 
effects of the nested random factor of treatment tank were found for R1 or R2. 
Phosphate. In R1, no overall significant differences between post-injury times was 
observed, however post hoc analysis indicated that Upper GD mucus area percentage was 
significantly lower at 10D than at 12D or 14D (p=0.0085 and p=0.0224). In R2, no 
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significant differences between post-injury times were found. No significant effects of the 
nested random factor of treatment tank were found for R1 or R2. 
Nitrate-Phosphate. In R1, no significant differences between post injury times 
were found. In R2, a significant effect of post injury time was found for EP mucus area 
percentage (F(1,6)=27.740, p=0.0019). Post hoc analysis indicated EP mucus area 
percentage was significantly higher at 14D than at 10D (p=0.0034). No significant effects 
of the nested random factor of treatment tank were found for R1 or R2. 
pCO2. In R1, an overall significant difference between post-injury times was 
found for Upper GD mucus area percentage (F(2,3)=8.6065, p=0.0213). Post-hoc analysis 
indicated that Upper GD tissue area and zooxanthellae density were significantly higher 
at 14D than 12D (p=0.0096, p=0.0087), and EP mucus area percentage was significantly 
higher at 12D than at 10D or 14D (p=0.0299, p=0.0037). In R2, overall significant 
differences between post-injury times was found for CD tissue area and Upper GD 
zooxanthellae density (F(1,6)=7.290, p=0.0356, and F(1,6)=8.2171, p=0.0286, respectively). 
Post hoc analysis found that Upper GD zooxanthellae density and EP mucus area 
percentage were significantly higher at 14D than 10D (p=0.0005, p=0.0346). No 
significant effects of the nested random factor of treatment tank were found for R1 or R2.  
Histological metrics within treatments over time - regenerating coenosarc > 5 mm from 
healing front (Appendix B). Of the histological metrics within treatments, 84.7% were 
found to be statistically similar (p>0.05) between R1 and R2 in tissue > 5 mm from the 
healing front. 
Control. No overall significant differences between post-injury times were 
observed in R1 or R2. The nested random factor of treatment tank significantly effected 
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Upper GD mucus area percentage (p=0.0460) in R1, but no significant effect due to 
treatment tank was found for R2. 
Nitrate. In R1, no overall significant differences between post-injury times were 
observed. In R2, significant differences between post-injury times were found for EP 
tissue area (F(1,6)=5.9286, p=0.0472), Upper GD tissue area (F(1,6)=5.9326, p=0.0465), 
and Lower GD tissue area (F(1,6)=6.950, p=0.0228). Post hoc analysis indicated EP tissue 
area was significantly higher at 14D than at 10D (p=0.0199). No significant effects of the 
nested random factor of treatment tank were found for R1 or R2. 
Phosphate. In R1, no overall significant differences between post-injury times 
were found. In R2, a significant treatment effect was found for Lower GD zooxanthellae 
density (F(1,6)=7.7139, p=0.0321). No significant effects of the nested random factor of 
treatment tank were found for R1 or R2. 
Nitrate-Phosphate. In R1, an overall significant difference between post-injury 
times was found for Lower GD tissue area (F(2,3)=27.065, p=0.0013). In R2, an overall 
significant difference between post-injury times was found for Upper GD zooxanthellae 
density (F(1,6)=27.441, p=0.0019). Post hoc analysis indicated that Upper GD 
zooxanthellae density and mucus area percentage was significantly higher at 14D than at 
10D (p=0.0305, p=0.0365). No significant effects of the nested random factor of 
treatment tank were found for R1 or R2. 
pCO2. No overall significant differences between post-injury times were observed 
in R1 or R2. No significant effects of the nested random factor of treatment tank were 
found for R1 or R2.  
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Histological metrics between cell count regions within treatments (Appendix C).  
Control. Upper GD tissue area was significantly higher > 5 mm from the healing 
front compared to tissue adjacent to the wound edge at 10D (F(1,6)=45.431, p=0.0005) and 
14D (F(1,6)=50.213, 0.0004) in R2. Lower GD Tissue area and CD tissue area followed a 
similar pattern, with Lower GD tissue area greater at 14D in R2 (F(1,6)=26.482, 
p=0.0021), and CD tissue area higher at 10D in R1 (F(1,2)=19.259, 0.0482) and at 14D in 
R2 (F(1,6)=33.547, 0.0012). Upper GD zooxanthellae density was similarly greater in non-
adjacent tissue at 12D in R1 (F(1,2)=42.403, p=0.0228) and 14D in R2 (F(1,6)=12.017, 
p=0.0134). A significant effect due to the nested random factor of treatment tank was 
found for EP tissue area at 14D in R1 (p=0.0249), and for Upper GD mucus area 
percentage at 10D (p=0.0141) in R2. 
Nitrate. Upper GD tissue area was significantly higher > 5 mm from the healing 
front compared to tissue adjacent to the wound edge at 10D (F(1,2)=19.762, p=0.0471) in 
R1, and at 10D (F(1,6)=24.593, p=0.0026) and 14D (F(1,6)=29.149, p=0.0013) in R2. 
Lower GD tissue area was higher in non-adjacent tissue at 12D (F(1,2)=24.440, p=0.0386) 
in R1, and at 10D (F(1,6)=8.990, p=0.0241) and 14D (F(1,6)=21.871, p=0.0085) in R2. CD 
tissue area was higher in non-adjacent tissue at14D (F(1,6)=7.295, p=0.0387) in R2. Upper 
GD zooxanthellae density was higher in non-adjacent tissue at 12D (F(1,2)=26.224, 
p=0.0361) in R1 and at 10D (F(1,6)=31.014, p=0.0014) in R2. Upper GD mucus area 
percentage was higher adjacent to the wound edge at 10D (F(1,2)=21.079, p=0.0443) in 
R1, and Lower GD mucus area percentage was higher in non-adjacent tissue at 14D 
(F(1,2)=21.847, p=0.0429) in R1. A significant effect due to the nested random factor of 
85 
 
treatment tank was found for Upper GD zooxanthellae density at 14D in R1 (p=0.0178), 
and for EP tissue area at 14D (p=0.03205) in R2. 
Phosphate. EP tissue area was significantly higher adjacent to the wound edge at 
14D (F(1,6)=14.323, p=0.0091) in R2. Upper GD tissue area was higher in non-adjacent 
tissue at 14D (F(1,2)=36.340, p=0.0264) in R1, and at 10D (F(1,6)=28.846, p=0.0017) and 
14D (F(1,6)=7.893, p=0.0308) in R2. Lower GD tissue area in non-adjacent tissue was 
higher at 10D (F(1,6)=28.618, p=0.0018) and 14D (F(1,6)=16.475, p=0.0067) in R2. CD 
tissue area was higher in non-adjacent tissue at 10D (F(1,2)=71.532, p=0.0137) and 14D 
(F(1,2)=45.058, p=0.0215) in R1, and at 10D (F(1,6)=21.964, p=0.0034) and 14D 
(F(1,6)=6.280, p=0.0272) in R2. Upper GD zooxanthellae density was higher in non-
adjacent tissue at 14D (F(1,6)=17.693, p=0.0056) in R2, and Lower GD zooxanthellae 
density was higher in tissue adjacent to the wound at 14D (F(1,6)=21.736, p=0.0034) in 
R2. Upper GD mucus area percentage was higher in non-adjacent issue at 14D 
(F(1,6)=7.405, p=0.0346) in R2. A significant effect due to the nested random factor of 
treatment tank was found for Upper GD zooxanthellae density and Lower GD mucus area 
percentage at 12D in R1 (p=0.0185 and 0.0480, respectively). 
Nitrate-Phosphate. Upper GD tissue area was higher in non-adjacent tissue at 10D 
(F(1,6)=19.059, p=0.0032) and 14D (F(1,6)=13.988, p=0.0096) in R2. Lower GD tissue area 
in non-adjacent tissue was higher at 10D (F(1,2)=67.607, p=0.0145) and 14D 
(F(1,2)=16.923, p=0.0358) in R1, and at 10D (F(1,6)=18.858, p=0.0034) and 14D 
(F(1,6)=24.770, p=0.0025) in R2. Upper GD zooxanthellae density was higher in non-
adjacent tissue at 14D (F(1,2)=28.793, p=0.0319) in R1, and at 10D (F(1,6)=7.264, 
p=0.0325) and 14D (F(1,6)=176.783, p=0.0000) in R2. Lower GD zooxanthellae density 
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was higher in tissue adjacent to the wound at 14D (F(1,2)=38.820, p=0.0214) in R1, and at 
10D (F(1,6)=7.742, p=0.0288) in R2. EP mucus area percentage was higher in tissue 
adjacent to the wound at 14D (F(1,6)=7.391, p=0.0347) in R2. A significant effect due to 
the nested random factor of treatment tank was found for EP tissue area at 14D in R2 
(p=0.0446). 
pCO2. Upper GD tissue area was higher in non-adjacent tissue at 10D 
(F(1,6)=25.702, p=0.0022) and 14D (F(1,6)=30.800, p=0.0013) in R2. Lower GD tissue area 
in non-adjacent tissue was higher at 12D (F(1,2)=21.880, p=0.0428) in R1, and at 10D 
(F(1,6)=16.583, p=0.0061) and 14D (F(1,6)=264.900, p=0.0000) in R2. CD tissue area was 
higher in non-adjacent tissue at 10D (F(1,6)=8.840, p=0.0242) and 14D (F(1,6)=12.990, 
p=0.0102) in R2. Upper GD zooxanthellae density was higher in non-adjacent tissue at 
10D (F(1,6)=44.661, p=0.0004) in R2. Lower GD mucus area percentage was higher in 
tissue adjacent to the wound at 12D (F(1,2)=44.655, p=0.0217) in R1. A significant effect 
due to the nested random factor of treatment tank was found for Upper GD tissue area at 
12D (p=0.0446) in R1.  
Porites astreoides 
Wound regeneration rate between treatments. Wound regeneration rate is shown in Fig. 
3.7A (R1) and 3.7B (R2). For R1, a significant difference was found between treatments 
at 10D (F(4,5)=23.062, p=0.0020). Post-hoc analysis found that healing rate was 
significantly highest in the control, and the healing rate in elevated P was significantly 
less than all other treatments except elevated pCO2. At 12D and 14D, highly significant 
differences between treatments were found (F(4,5)=109.578, p=0.0000 and F(4,5)= 373.910, 
p=0.0000, respectively), and post-hoc analysis for both indicated that healing rate in the 
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control was significantly higher than the other treatments, and was significantly lowest in 
the P treatment. Healing rate in the N, N-P and CO2 treatments were not significantly 
different. No significant effects were found for the nested random factor of treatment tank 
at 10D (p=0.4185), 12D (p=0.8168), or 14D (p=0.9778). 
For R2, significant differences were observed in healing rate between treatments 
at 10D (F(4,15)=11.392, p=0.0002), and 14D (F(4,15)=14.829, p=0.0000). At 10D, post-hoc 
analysis indicated that healing rate in elevated P was significantly lower than all 
treatments. At 14D, healing rate in the control was significantly higher than all other 
treatments, and healing rate in the P treatment was significantly less than all other 
treatments. No significant effects were found for the nested random factor of treatment 
tank at 10D (p=0.5194) or 14D (p=0.3901). 
Healing rate between R1 and R2 was statistically similar for all treatments 
(p>0.05) at both 10D and 14D except for the control at 10D, where the rate in R2 was 
significantly less than R1 (p=0.0424).  
Wound regeneration rate within treatments over time. In R1, a significant difference in 
healing rates between time post-injury was found in the control (F(2,7)=7.251, p=0.0197) 
and elevated N-P (F(2,8)=7.412, p=0.0151). Post-hoc analysis indicated that healing rate 
was significantly higher at 14D than 10D for the control (p=0.0114), and higher at 14D 
than 12D for the N-P treatment (p=0.0122).  
For R2, no significant overall effect of post-injury time was observed in the 
control treatment (F(1,6)=5.500, p=0.0574). No significant effects due to the nested 
random factor of treatment tank were found for R1 or R2. 
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Figure 3.7: Porites astreoides. Mean wound healing rate in mm
2
 d
-1
 (±SE) between treatments at each 
time interval for A) experimental Run 1 and B) experimental Run 2. Means that differ significantly 
at each time interval are indicated by different letter groups above each histogram. 
General morphology. Corallites are small, with 12 septa, and closely spaced (1.2-1.4 mm 
in diameter). Histologically and ultrastructurally, this species is characterized by 
abundant golden-brown, electron-dense pigmented granular amoebocyte cells. In other 
Porites species, this granular material has been demonstrated to contain melanin (Peters 
pers. comm.). These cells are interspersed with columnar epithelial cells and small 
epidermal mucocyte cells. The mesoglea is thin and acellular. The gastrodermis is 
relatively thin as well, containing large mucocyte cells, zooxanthellae, and abundant 
pigmented granular amoebocytes. The calicodermis is thin with scattered desmocytes and 
contains fine eosinophilic granules (Peters 1984). Relatively small aragonite crystals 
form a perforate, medium-density skeleton.  
Cytology of wound healing. The Dremel created an interstice with two opposing cut 
edges and exposed bare skeleton and basal body wall. The wound track initially 
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contained a slurry of mucus, tissue debris, and skeleton which generally dispersed within 
48 hours due to water movement within the tanks. In histological samples at 12 hours 
post injury, tissue at the wound edge was rough and frayed, with significant cellular 
debris and exposed basal body wall and mesenterial filaments (Figs. 3.8A and 3.8B). By 
24 hours post wounding, some epidermal swelling was evident (Fig. 3.8C), and 
acidophilic healing fronts had formed (Figs. 3.8D). In some corals, localized erosion of 
the epidermis and tissue death at the margin edge occurred, with subsequent re-
epithelialization. At 2 days post injury, re-epithelialization of the wound edge continued 
(Fig. 3.8E) with fusion of eosinophilic healing fronts (Fig. 3.8F). From 6 to 14 days post 
injury, eosinophilic fronts continued to increase in size, along with continued 
accumulation of pigmented granular amoebocyte cells evident at the healing front and 
within the new body wall (Fig. 3.9A-F). Throughout the healing period, multiple sites of 
regeneration at the wound edge were observed.  
Ultrastructure. Ultrastructural examination of regenerating tissue at the wound edge 
indicated accumulation of pigmented granular amoebocyte cells in the epidermis and 
gastrodermis near the healing front (Fig. 3.10A). Granular amoebocyte cells were also 
observed in the epidermis (Fig 3.10A). Mature granules were evident in pigmented 
granular amoebocyte cells, with a distinctive “halo” appearance of some granules (Fig. 
3.10B). Tissue at the wound edge was very electron dense and contained numerous 
phagocytic cells (Fig. 3.10C), which ruptured and discharged their contents to 
surrounding media (Fig. 3.10D and 3.10E). Granular amoebocyte cells were also 
observed in the gastrodermis (Fig. 3.10F), and endolithic cells were frequently observed 
adjacent to the calicodermis near the wound edge (Fig. 3.10G). 
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Figure 3.8: Porites astreoides. Regenerating tissue at wound edge. A) and B) 12 hours post injury, C) 
and D) 24 hours post injury with acidophilic regenerative healing front circled, and E) and F) 2 days 
post injury. bw=body wall, ep=epidermis, gd=gastrodermis, hf= healing front, td=tissue debris, 
w=wound edge, zx=zooxanthellae, arrow=pigmented granular amoebocyte cell. Scale bars: A=200 
µm, B=50 µm, C=200 µm, D=50 µm, E=200 µm and F=20 µm. 
. 
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Figure 3.9: Porites astreoides. Regenerating tissue at wound edge. A) 6 days post injury, B) 8 days 
post injury with accumulation of pigmented granular amoebocytes at healing front circled, C) 10 
days post injury, D) 12 days post injury, and E) and F) 14 days post injury. ep=epidermis, 
gd=gastrodermis, hf=healing front, w=wound edge, arrow=calicodermis. Scale bars: A=200 µm, 
B=50 µm, C=500 µm, D=200 µm, E=500 µm and F=200 µm. 
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Figure 3.10: Porites astreoides. TEM of regenerating tissue at wound edge. A) accumulation of 
pigmented granular amoebocyte cells(blue circle) in epidermis and gastrodermis near the healing 
front and granular amoebocyte in the epidermis (red circle), B) mature granules in pigmented 
granular amoebocyte cells, note “halo” appearance of some granules (arrow) C) amoebocyte cells at 
leading edge of regenerating tissue, with D) and E) detail of granule release at tissue surface (red 
circles and red arrow), F) granular amoebocyte in gastrodermis and G) endolithic cells frequently 
observed adjacent to calicodermis. ep=epidermis, gd=gastrodermis, gr=granule, nu=nucleus, 
zx=zooxanthellae. Scale bars: A=5 µm, B=2 µm, C=2 µm, D=1 µm, E=0.5 µm, F=2 µm, G=2 µm. 
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Symbiodinium sp. ultrastructure. 
Symbiodinium sp degradation and reproduction: The mean percentage of degraded 
zooxanthellae occurring in each treatment is shown in Fig. 3.11A. Kruskal Wallis one-
way analysis of variance on ranks found a significant difference between treatments 
(p=0.0005). Multiple comparisons analysis found zooxanthellae degradation in the 
elevated N and NP treatments to be significantly higher than the pCO2 treatment 
(p=0.0223 and p= 0.0053).  
The mean mitotic index percentage observed for each treatment is shown in Fig. 
3.11B. Kruskal Wallis one-way analysis of variance on ranks found a significant 
difference in the percentage of doublets between treatments (p=0.0260). Multiple 
comparisons analysis found the percentage of doublets in the elevated N treatment to be 
significantly higher than the control (p=0.0295). 
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Figure 3.11: Symbiodinium sp. in Porites astreoides. A) Mean % degraded zooxanthellae (±SE) 
between treatments and B) Mean mitotic index % (±SE) between treatments. Means that differ 
significantly are indicated by different letter groups above each histogram.  
Cell diameter: Mean cell diameter is shown in Fig. 3.12A. No significant 
treatment effect was found (F(4,15)=0.707, p=0.5981). The nested random factors of 
treatment tank and colony produced no significant effect (p=0.7012 and p=0.0618); 
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zooxanthellae diameter was not found to differ significantly between tanks within 
treatments or between colonies within tanks.  
Accumulation body diameter. Mean accumulation body diameter is shown in 
Figure 3.12B. No significant treatment effect was found (F(4,15)= 1.047, p=0.4136). The 
nested random factors of treatment tank and colony produced no significant effect 
(p=0.1058 and p=0.8141). 
Intracellular starch. The mean percentage intracellular area occupied by starch 
bodies is shown in Fig. 3.12C. A significant difference in intracellular starch stores was 
found between treatments (F(4,15)=3.865, p=0.0210). Post-hoc analysis indicated no 
significant difference in starch stores between the control and the individual treatments. 
Starch accumulation in the elevated N treatment was significantly higher than the 
elevated P and NP treatments (p=0.0446 and p=0.0037). The nested random factors of 
treatment tank and colony produced no significant effect (p=0.6282 and p=0.2250). 
Intracellular lipid. The mean percentage intracellular area occupied by lipid 
globules is shown in Fig. 3.12D. No significant difference in intracellular lipid stores 
between treatments was found (F(4,15)= 1.670, p=0.2007). The nested random factors of 
treatment tank and colony produced no significant effect (p=0.8876 and p=0.7687). 
Intracellular uric acid. The mean percentage intracellular area occupied by uric 
acid vacuoles is shown in Fig. 3.12E. A significant difference in uric acid stores was 
found between treatments (F(4,15)=4.353, p=0.0140). Post-hoc analysis indicated no 
significant difference in uric acid content between the control and the individual 
treatments; however it was significantly higher in the elevated CO2 treatment compared 
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to all treatments except the control. The nested random factors of treatment tank and 
colony produced no significant effect (p=0.0889 and p=0.8697). 
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Figure 3.12: Symbiodinium sp. in Porites astreoides. A) Mean diameter (±SE), B) mean accumulation 
body diameter (±SE), C) mean % starch area (±SE), D) mean % lipid area (±SE)  and E) mean % 
uric acid vacuole area (±SE) between treatments. Means that differ significantly are indicated by 
different letter groups above each histogram. 
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Histological metrics between treatments - regenerating coenosarc directly adjacent to 
the healing front (Appendix D). Of the histological metrics within treatments, 73.1% 
were found to be statistically similar (p>0.05) between R1 and R2 in tissue adjacent to 
the healing front.  
For R1, at 10D post injury, an overall significant treatment effect was found for 
EP tissue area (F(4,5)=7.430, p=0.0247) and Upper GD mucus area percentage 
(F(4,5)=9.2872, p=0.0155). Post-hoc analysis also indicated that Upper GD zooxanthellae 
density was significantly higher in elevated P compared to elevated CO2 (p=0.0430). At 
12D post injury, a significant treatment effect was found for EP mucus area percentage 
(F(4,5)=9.714, p=0.0141). At 14D post-injury, a significant difference between treatments 
was observed for CD tissue area (F(4,5)=31.20, p=0.0009). Post-hoc analysis indicated that 
CD Tissue area was significantly higher under elevated CO2 compared to all other 
treatments, and significantly lower in elevated P than in elevated N (p=0.0430). Upper 
GD mucus area percentage was significantly lower in elevated N than elevated CO2 
(p=0.0292). No effects were found for the nested random factor of treatment tank at 10D, 
12D or 14D post-injury.  
In R2, a significant overall difference between treatments was found for CD tissue 
area at 10D post injury (F(4,15)=4.119, p=0.0168). Post-hoc analysis found that CD tissue 
area was significantly higher under elevated CO2 than the Control (p=0.0181) or elevated 
N+P (p=0.0287) treatments.  At 14D post injury, no significant effects due to treatment 
were found. No effects were found for the nested random factor of treatment tank at 10D 
or 14D post injury. 
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Histological metrics between treatments - regenerating coenosarc >5 mm from healing 
front (Appendix D). Of the histological metrics within treatments, 73.1% were found to 
be statistically similar (p>0.05) between R1 and R2 in tissue > 5 mm from the healing 
front.  
At 10D, 12D and 14D post injury in R1, no significant overall treatment effects 
were found. No effects were found for the nested random factor of treatment tank at 10D, 
12D or 14D post-injury. 
For R2 at 10D post injury, a significant treatment effect was found for Upper GD 
pigmented granular amoebocyte area percentage (F(4,14)=3.150, p=0.0470). At 14D post 
injury, a significant treatment effect was found for EP pigmented granular amoebocyte 
area percentage (F(4,15)=3.416, p=0.0268). The nested random factor of treatment tank 
significantly effected Upper GD zooxanthellae density (p=0.0413) at 10D, but no 
significant effects of the nested random factor of treatment tank were found for 14D.  
Histological metrics within treatments over time - regenerating coenosarc directly 
adjacent to the healing front (Appendix E).  
Control. In R1, no significant differences between post injury times were found. 
In R2, an overall significant effect of post injury time was found for CD tissue area 
(F(1,6)=10.920, p=0.0140). No significant effects of the nested random factor of treatment 
tank were found for R1 or R2. 
Nitrate. In R1, an overall significant difference between time post-injury was 
found for EP pigmented granular amoebocyte area percentage (F(2,3)=18.747, p=0.0162). 
Post-hoc analysis indicated that EP pigmented granular amoebocyte area was 
significantly greater at 12D than 14D post-injury (p=0.0128). In R2, an overall significant 
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difference between time post-injury was found for EP mucus area percentage 
(F(1,6)=7.097, p=0.0358). Post-hoc analysis indicated that EP mucus area percentage was 
significantly greater at 14D than 10D post-injury (p=0.0418). No significant effects of the 
nested random factor of treatment tank were found for R1 or R2.  
Phosphate. In R1, a significant difference between time post-injury was found for 
Lower GD mucus area percentage (F(2,3)=10.640, p=0.0348), EP pigmented granular 
amoebocyte area percentage (F(2,3)=17.202, p=0.0189) and Upper GD pigmented granular 
amoebocyte area percentage (F(2,3)=29.176, p=0.0087). Post hoc analysis indicated that 
Lower GD tissue area was significantly higher at 12D than 10D post injury (p=0.0201); 
Upper GD zooxanthellae density was significantly higher at 10D than at 12 or 14D post 
injury; EP pigmented granular amoebocyte area percentage was significantly higher at 
12D than at 14D (p= 0.0098); Upper GD pigmented granular amoebocyte area percentage 
was significantly lower at 14D than at 10D and 12D post injury (p=0.0445 and p= 
0.0015); and Lower GD pigmented granular amoebocyte area percentage was 
significantly lower at 14D than at 10D (p=0.0073). In R2, an overall significant 
difference between time post-injury was found for EP mucus area percentage 
(F(1,6)=19.257, p=0.0042). Post hoc analysis indicated that EP mucus area percentage was 
significantly higher at 14D than at 10D (p=0.0025). No significant effects of the nested 
random factor of treatment tank were found for R1 or R2. 
Nitrate-Phosphate. In the R1 elevated N-P treatment, significant differences 
between post-injury times were observed for EP and Lower GD pigmented granular 
amoebocyte area percentage (F(2,3)=11.170, p=0.0380 and F(2,3)=11.915, p=0.0311, 
respectively). Post hoc analysis indicated that EP pigmented granular amoebocyte area 
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percentage was significantly lower at 14D than at 12D (p=0.0046). In R2, no significant 
differences between times post injury were observed. No significant effects of the nested 
random factor of treatment tank were found for R1 or R2. 
pCO2. In R1, overall significant differences between post-injury times was found 
for CD tissue area (F(2,3)=17.230, p=0.0204), and Upper GD and Lower GD pigmented 
granular amoebocyte area percentage (F(2,3)=9.829, p=0.0432 and F(2,3)=21.897, 
p=0.0133, respectively). Post hoc analysis indicated that CD tissue area was significantly 
higher at 14D than at 10D and 12D post injury (p=0.0056 and p=0.0055); EP mucus area 
percentage was significantly higher at 10D than 12D (p=0.0236); EP pigmented granular 
amoebocyte area percentage was significantly lower at 14D than 12D (p=0.0384); and 
Lower GD pigmented granular amoebocyte area percentage was significantly lower at 
14D than at 10D and 12D (p=0.0250 and p=0.0072). In R2, overall significant differences 
between post-injury times was found for EP mucus area percentage (F(1,6)=14.331, 
p=0.0074) and EP pigmented granular amoebocyte area percentage (F(1,6)=11.612, 
p=0.0112). Post hoc analysis indicated that EP mucus area percentage was significantly 
higher at 14D than at 10D (p=0.0041), and EP pigmented granular amoebocyte area 
percentage was significantly lower at 14D than 10D (p=0.0294). No significant effects of 
the nested random factor of treatment tank were found for R1 or R2. 
Histological metrics within treatments over time - regenerating coenosarc 5 mm from 
healing front (Appendix E).  
Control. In R1, a significant difference between post-injury time was found for 
Lower GD tissue area (F(2,3)=19.270, p=0.0092). In R2, a significant difference between 
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post-injury time was found for CD tissue area (F(1,6)=6.944, p=0.0415). No significant 
effects of the nested random factor of treatment tank were found for R1 or R2.  
Nitrate. In R1, an overall significant effect of post-injury time was found for CD 
tissue area (F(2,3)=26.298, p=0.0002). In R2, an overall significant effect of post-injury 
time was found for Upper GD mucus area percentage (F(1,6)=16.146, p=0.0011). Post hoc 
analysis indicated that Lower GD pigmented granular amoebocyte area percentage was 
significantly higher at 14D than 10D (p=0.0480). No significant effects of the nested 
random factor of treatment tank were found for R1 or R2. 
Phosphate. In R1, significant differences between post-injury time were observed 
in Lower GD tissue area (F(2,3)=10.864, p=0.0398), EP mucus area percentage 
(F(2,3)=10.246, p=0.0377), and Lower GD pigmented granular amoebocyte area 
percentage (F(2,3)=14.038, p=0.0286). Post hoc analysis indicated that EP pigmented 
granular amoebocyte area percentage was significantly lower at 14D than 10D post injury 
(p=0.0329). In R2, significant differences between post-injury time were observed in EP 
mucus area percentage (F(1,6)=26.969, p=0.0020). Post hoc analysis indicated that EP 
mucus area percentage and Upper GD pigmented granular amoebocyte area percentage 
were significantly higher at 14D than 10D post injury (p=0.0004 and p=0.0149). No 
significant effects of the nested random factor of treatment tank were found for R1 or R2. 
Nitrate-Phosphate. In R1, an overall significant effect of post injury time was 
found for EP tissue area (F(2,3)=14.626, p=0.0223). Post hoc analysis indicated that EP 
tissue area was significantly lower at 14D than 12D post injury (p=0.0369); EP 
pigmented granular amoebocyte area percentage was significantly lower at 14D than at 
10D and 12D (p=0.0008 and p=0.0041); and Lower GD pigmented granular amoebocyte 
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area percentage was significantly lower at 14D than 12D (p=0.0351). In R2, an overall 
significant effect of post injury time was found for Upper GD mucus area percentage and 
pigmented granular amoebocyte area percentage (F(1,6)=6.369, p=0.0450 and F(1,6)=8.173, 
p=0.0288). No significant effects of the nested random factor of treatment tank were 
found for R1 or R2. 
pCO2. In R1, a significant difference between post injury time was observed in 
Lower GD pigmented granular amoebocyte area percentage (F(2,3)=26.398, p=0.0092). 
Post hoc analysis indicated that Upper and Lower GD pigmented granular amoebocyte 
area percentage was significantly lower at 14D than 12D post injury (p=0.0463 and 
p=0.0057). No significant effects due to treatment tank were found. In R2, an overall 
significant effect of post injury time was found for EP mucus area percentage 
(F(1,6)=17.969, p=0.0049). Post hoc analysis indicated that EP mucus area percentage was 
significantly higher at 14D than 10D (p=0.0044), and EP pigmented granular amoebocyte 
area percentage was significantly lower at 14D than 10D (p=0.0413). No significant 
effects of the nested random factor of treatment tank were found for R1 or R2. 
Histological metrics between cell count regions within treatments (Appendix F).  
Control. EP tissue area was significantly higher adjacent to the wound edge 
compared to > 5 mm from the healing front at 10D (F(1,2)=21.865, p=0.0189) in R1. 
Upper GD tissue area was significantly higher adjacent to the wound edge at 12D 
(F(1,2)=137.095, p=0.0003) in R1, and CD tissue area was higher at 14D (F(1,6)=6.520, 
p=0.0433) in R2. Upper GD zooxanthellae density was significantly higher in non-
adjacent tissue at 14D in R1 (F(1,2)=26.383, p=0.0359) and at 10D (F(1,6)=17.667, 
p=0.0055) and 14D (F(1,6)=22.207, p=0.0033) in R2. Upper GD mucus area percentage 
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was greater in tissue adjacent to the wound edge at 12D (F(1,2)=71.370, p=0.0025) in R1, 
and at 10D (F(1,6)=15.002, p=0.0076) in R2. Upper GD pigmented granular amoebocyte 
area percentage was higher adjacent to the wound edge at 14D (F(1,6)=31.802, p=0.0013) 
in R2. Similarly, Lower GD pigmented granular amoebocyte area was higher at 12D 
(F(1,2)=48.225, p=0.0005) in R1. A significant effect due to the nested random factor of 
treatment tank was found for CD tissue area at 14D in R1 (p=0.0337). 
Nitrate. Upper GD tissue area was significantly higher in non-adjacent tissue at 
10D (F(1,6)=11.990, p=0.0134) in R2. CD tissue area was higher in non-adjacent tissue at 
10D (F(1,2)=25.200, p=0.0375) in R1, but significantly higher in tissue adjacent to the 
wound edge at 10D (F(1,6)=11.450, p=0.0148) and 14D (F(1,6)=15.480, p=0.0077) in R2. 
Upper GD zooxanthellae density was significantly higher in non-adjacent tissue at 12D 
(F(1,2)=22.637, p=0.0414) and 14D (F(1,2)=26.497, p=0.0357) in R1, and at 10D 
(F(1,6)=118.351, p=0.0000) and 14D (F(1,6)=121.139, p=0.0000) in R2. Upper GD mucus 
area percentage was greater in tissue adjacent to the wound edge at 10D (F(1,6)=64.770, 
p=0.0001) in R2. Upper GD pigmented granular amoebocyte area percentage was higher 
adjacent to the wound edge at 12D (F(1,2)=23.394, p=0.0402) and 14D (F(1,2)=134.484, 
0.0074) in R1, and at 10D (F(1,6)=13.445, p=0.0105) and 14D (F(1,6)=49.626, p=0.0004) in 
R2. Similarly, Lower GD pigmented granular amoebocyte area was higher at 10D 
(F(1,6)=12.561, p=0.0122) in R2. A significant effect due to the nested random factor of 
treatment tank was found for EP tissue area at 14D in R1 (p=0.0171). 
Phosphate. CD tissue area was significantly higher in tissue adjacent to the wound 
edge at 10D (F(1,6)=6.290, p=0.0456) in R2. Upper GD zooxanthellae density was 
significantly higher in non-adjacent tissue at 12D (F(1,2)=29.894, p=0.0320) in R1, and at 
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10D (F(1,6)=351.960, p=0.0000) and 14D (F(1,6)=41.330, p=0.0007) in R2. Upper GD 
pigmented granular amoebocyte area percentage was higher adjacent to the wound edge 
at 12D (F(1,2)=397.616, p=0.0025) in R1, and at 10D (F(1,6)=93.596, p=0.0001) and 14D 
(F(1,6)=12.493, p=0.0122) in R2. Similarly, Lower GD pigmented granular amoebocyte 
area was higher at 14D (F(1,6)=9.794, p=0.0201) in R2. A significant effect due to the 
nested random factor of treatment tank was found for Upper GD zooxanthellae density at 
14D in R1 (p=0.0158), and for Upper GD pigmented granular amoebocyte area 
percentage at 15D (p=0.0318) in R2. 
Nitrate-Phosphate. CD tissue area was significantly higher in tissue adjacent to 
the wound edge at 14D (F(1,6)=6.630, p=0.0420) in R2. Upper GD zooxanthellae density 
was significantly higher in non-adjacent tissue at 10D (F(1,2)=21.590, p=0.0433) and 12D 
(F(1,2)=25.016, p=0.0377) in R1, and at 10D (F(1,6)=38.471, p=0.0008) and 14D 
(F(1,6)=21.716, p=0.0035) in R2. EP mucus area percentage was higher in tissue adjacent 
to the wound edge at 10D (F(1,6)=17.022, p=0.0056) in R2. Upper GD mucus area 
percentage was similarly higher at 12D (F(1,2)=228.100, p=0.0044) in R1 and 10D 
(F(1,6)=213.500, p=0.0000) in R2. Upper GD pigmented granular amoebocyte area 
percentage was higher adjacent to the wound edge at 10D (F(1,6)=7.438, p=0.0335) and 
14D (F(1,6)=25.510, p=0.0023) in R2. Similarly, Lower GD pigmented granular 
amoebocyte area was higher at 10D (F(1,2)=33.700, p=0.0284) in R1, and at 10D 
(F(1,6)=12.367, p=0.0122) and 14D (F(1,6)=9.401, p=0.0021) in R2. A significant effect 
due to the nested random factor of treatment tank was found for EP tissue area 
(p=0.0497) and EP pigmented granular amoebocyte area percentage (p=0.0066) at 10D in 
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R1, for CD tissue area (p=0.0160) at 14D in R1, and for Upper GD tissue area 
(p=0.0290) at 14D in R2. 
pCO2. EP tissue area in tissue adjacent to the wound was higher at 14D 
(F(1,2)=21.300, p=0.0439) in R1, and Upper GD tissue area was higher at 10D 
(F(1,2)=21.650, p=0.0432) in R1. Similarly, CD tissue area was higher adjacent to the 
wound edge at 10D (F(1,6)=8.730, p=0.0245) in R2. Upper GD zooxanthellae density was 
significantly higher in non-adjacent tissue at 12D (F(1,2)=794.592, p=0.0012) in R1, and at 
10D (F(1,6)=71.565, p=0.0001) and 14D (F(1,6)=47.183, p=0.0004) in R2. Upper GD 
mucus area percentage was higher adjacent to the wound edge at 14D (F(1,2)=51.398, 
p=0.0193) in R1 and 10D (F(1,6)=9.339, p=0.0215) and 14D (F(1,6)=34.640, p=0.0007) in 
R2. Upper GD pigmented granular amoebocyte area percentage was higher adjacent to 
the wound edge at 10D (F(1,2)=26.959, p=0.0351) in R1 and at 10D (F(1,6)=6.932, 
p=0.0377) and 14D (F(1,6)=45.180, p=0.0004) in R2. Similarly, Lower GD pigmented 
granular amoebocyte area was higher at 14D (F(1,6)=10.134, p=0.0185) in R2. A 
significant effect due to the nested random factor of treatment tank was found for Lower 
GD mucus area percentage at 10D in R1 (p=0.0111), and for Lower GD tissue area at 
10D (p=0.0104) in R2. 
DISCUSSION 
Tissue repair and regeneration in anthozoan genera is a complex process, 
expressing wide variability in the method and manner of the immune response. Many cell 
types are observed in this response: granular amoebocytes of several subclasses, globular 
granular cells, granular amoebocytes, and globular gland cells, although terminology in 
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the literature may be inconsistent. Different subpopulations of granular amoebocytes may 
be involved in particular processes (Bigger and Hildeman 1982, Bigger and Olano 1994). 
In the fleshy and large-polyped faviid M. cavernosa, healing of a linear wound 
was characterized by granulation of new tissue across the wound site, facilitated by 
coalescent granular amoebocytes. The wound healing strategy of this species appears to 
progress with wound closure and re-epithelialization before calcification resumes, as 
actively calcifying calicodermis was generally not observed at the healing front. These 
observations are consistent with those of Fishelson (1973). Mean wound regeneration rate 
of the control corals was 7.80 ± 0.13 mm
2
 d
-1
 which is consistent with other reported 
regeneration rates for this species (Nagelkerken and Bak 1998, Henry and Hart 2005). 
Sealing of the damaged tissue margin occurred rapidly, within 12 hours of wound 
creation, and eosinophilic healing fronts were formed within 24 hours. In all treatments, 
this rapid tissue regeneration resulted in complete re-epithelialization of the wound track 
in 15% of the experimentally wounded corals after 14 days. Comparison of histological 
characteristics between tissue directly adjacent to the healing fronts and tissue >5 mm 
from the healing front (in all treatments) consistently found that both gastrodermal area 
and zooxanthellae density (of both the upper and lower gastrodermis) was generally 
higher in non-adjacent tissue. In contrast, mucus area was higher adjacent to the healing 
front, and tended to decrease over time. These differences in gastrodermal area and 
zooxanthellae density are consistent with the pattern of tissue regeneration observed in 
other anthozoans (Kramarsky-Winter 2004), although no specific trends in zooxanthellae 
density over time were noted. Calicodermal tissue area was generally greater >5 mm 
from the wound edge, and this was more pronounced in the elevated P corals compared to 
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the control or elevated N corals. Similarly, gland cell area was greater in non-adjacent 
tissue, likely linked to a lack of development and differentiation in recently regenerated 
tissue.  
Although not statistically analyzed, both Upper and Lower GD MI were generally 
higher adjacent to the healing front. As mitotic index can be affected by elevated 
nutrients, more representative results may be obtained by histological analysis of 
additional tissue areas. Amoebocyte density was generally higher >5 mm from the 
healing front, possibly due to migration from adjacent areas (although this seems limited 
due to the relatively small size of the fragments); no trends in amoebocyte density over 
time were noted. This is in contrast to observations by Meszaros and Bigger (1999). 
Alternatively, amoebocytes in adjacent tissue may be overlooked in the smaller 
mesogleal area near the wound edge.  
Elevated P and pCO2 significantly negatively impacted regeneration rate in M. 
cavernosa, with elevated phosphate consistently exhibiting the greatest deleterious effect. 
Regeneration rate within treatments was similar between 10 and 14 days post injury, 
suggesting that the treatments had a consistent effect on healing over time, instead of 
initial or delayed effects. Although no consistent statistically significant trends in specific 
histological characteristics were found between treatments in tissue directly adjacent to 
the healing front or in tissue >5 mm from the healing front, significant ultrastructural 
changes in the relative storage of energetic compounds in the symbiont, including starch, 
lipid, and uric acid were observed as a result of elevated nutrient concentrations.  
In contrast to M. cavernosa, tissue regeneration in the small-polyped P. astreoides 
was characterized by formation of multiple islands of eosinophilic healing fronts along 
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the depth of the wound track and an accumulation of granular amoebocyte cells in 
regenerating tissue. The wound healing strategy of this species appeared to result in re-
epithelialization of exposed body wall without necessarily closing the wound (consistent 
with Fishelson 1973); although partial wound closure occurred in many fragments, none 
of the wounded corals fully healed. Mean wound regeneration rate of the control corals 
after 14 days was 1.62 ± 0.12 mm
2
 d
-1
, which is consistent with other reported 
regeneration rates for this species (Nagelkerken and Bak 1998, Henry and Hart 2005). 
Comparison of histological characteristics between tissue directly adjacent to the 
healing fronts and tissue >5 mm from the healing front (in all treatments) found that 
zooxanthellae density was generally higher in non-adjacent tissue, similar to M. 
cavernosa, while gastrodermal area was not (unlike M. cavernosa). This is likely the 
result of the consistently greater pigmented granular amoebocyte area in the gastrodermis 
adjacent to the wound edge. As in M. cavernosa, the mitotic index was typically higher in 
non-adjacent tissue, except in the elevated N and NP treatments. Zooxanthellae density in 
the Upper GD decreased in tissue adjacent to the wound edge over time. This trend was 
not observed in tissue >5 mm from the healing front or in the Lower GD, and is 
indicative of cellular differentiation in regenerating tissue. Calicodermal tissue area and 
epidermal mucus area were typically greater adjacent to the healing front as well.   
The pigmented granular amoebocytes common to this genus and numerous 
phagocytic cells near the healing edge appear to play a central role in the inflammatory 
and immune response to tissue injury. However, it is not clear what the full role of 
pigmented granular amoebocyte cells in P. astreoides may be, and there is speculation 
regarding the function of these cells in facilitation of tissue repair in this species. 
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Amoebocytes in the EP and Upper GD tended to increase from 12 hours to 12 days post 
wounding, but by day 14 this area was reduced to the levels observed at 12 hours, 
peaking 6-8 days post wounding in the EP (in both tissue areas) and 6-10 days in the 
Upper GD. This trend was not observed in the Lower GD or CD. Other granular 
amoebocyte cells observed in the epidermis and gastrodermis are morphologically similar 
to mast cells known from other invertebrate and vertebrate species (Porter and Bonneville 
1974). While the function of these cells is not well understood either, it can be inferred 
from the chemical properties of the granules. In other species, the main components 
include heparin (an anticoagulant) and histamine. A consequence of histamine release is 
stimulus of phagocytosis, indicating an antimicrobial function. The halo-like appearance 
of some of these granules supports this hypothesis.  
Olano and Bigger (2000) observed that while some anthozoan cells have constant 
phagocytic activity, trauma activates phagocytosis in a wide range of cells. Initially, after 
foreign particle introduction in the gorgonian Swiftia exerta, phagocytic activity was 
limited to granular amoebocytes at the immediate trauma site. After 24 hours, phagocytes 
spread to a large area surrounding the wound, and phagocytic cell types expanded to 
include epidermal cells, sclerocytes, mesogleal cells, gastrodermal cells and granular 
amoebocytes. This suggests that trauma induces phagocytosis in normally non-
phagocytic cells. Thus, the consequence of pigmented granular amoebocyte accumulation 
at the wound site may be the induction of phagocytic activity in other cells (Olano and 
Bigger 2000). Although granular amoebocytes were observed in P. astreoides, this 
species does not appear to normally possess a large population of circulating mesogleal 
amoebocytes as does M. cavernosa.   
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In P. astreoides, whilst all of the treatments significantly reduced wound 
regeneration rate compared to the control by 14D post-injury, the most significant 
reduction in wound regeneration rate (compared to both the control and to the other 
treatments) occurred under elevated phosphate. Comparison of regeneration rates within 
treatments over time found that regeneration rate within the control was continuing to 
accelerate between 10 and 14 days post injury. However, this was not the case for the 
treatments, suggesting that all of the treatments depressed the recovery potential of this 
species. The treatments in general had a consistent effect on healing over time, instead of 
initial or delayed effects. No consistent trends in specific histological characteristics were 
found between treatments in tissue directly adjacent to the healing front or in tissue >5 
mm from the healing front, with the exception of an increase in area of the calicodermis 
adjacent to the healing front in the elevated CO2 treatment. Although overall treatment 
effects were found for EP pigmented granular amoebocyte area percentage in non-
adjacent tissue, post-hoc analysis indicated no specific differences between treatments.  
Although few trends in histological characteristics were found between treatments 
in either species, significant ultrastructural changes in the relative storage of energetic 
compounds in the symbiont were evident. In M. cavernosa, accumulation of starch and 
lipid was significantly higher in elevated N compared to other treatments, indicating that 
the zooxanthellae were accumulating significantly more carbon as starch and lipid under 
elevated nitrate. Overall, the symbionts accumulated an average of 38.3% more carbon 
(as starch and lipid) under elevated N compared to the control. While elevated N did not 
significantly affect regeneration rate compared to the control, starch and lipid 
accumulation were significantly higher than in the control or combined N-P treatments. 
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The mean percentage of doublets was significantly greater in the elevated N treatment 
(6.70%) suggesting that, in this species, the zooxanthellae are more limited in N than P. 
These findings are in general agreement with the histologically observed mitotic index. 
In P. astreoides, starch accumulation was also significantly higher in the elevated 
N treatment compared to the other elevated nutrient treatments, indicating that the 
zooxanthellae were accumulating significantly more carbon as starch (but not as lipid, in 
contrast to M. cavernosa) under elevated nitrate alone compared to under phosphate only 
enrichment, or combined nitrate and phosphate enrichment. Overall, the symbionts 
accumulated an average of 13.5% more carbon (as starch and lipid) under elevated N 
compared to elevated P, and 21.5% more than under the combined nutrient conditions. 
While elevated N did not significantly affect carbon storage compared to the control, 
wound regeneration rate was significantly reduced by elevated nitrate compared to 
control conditions. 
The higher starch concentrations observed under elevated nitrate in this research 
are in contrast with previous studies which have found significantly lower starch 
accumulation under elevated nitrogen (Berner and Izhaki 1994, Ambariyato and Hoegh-
Guldberg 1996). This is likely a reflection of the use in this study of nitrate as the source 
of excess nitrogen compared to ammonium used in previous studies, as only the symbiont 
is capable of utilizing NO3 as a nitrogen source and translocating it to the host (Stambler 
2010). It is possible that the coral host may not view nitrate as a nitrogen source, allowing 
the symbiont to accumulate energy stores under elevated nitrate in the absence of host 
demand. This scenario, under which the coral interprets the persistence of nitrogen 
insufficiency, would support previous observations of zooxanthellar starch and lipid 
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accumulation in starved anemones and clams (Shifrin and Chisholm 1981, Muller-Parker 
et al. 1996). 
Phosphorus is also a key nutrient that is generally regarded as limiting in corals 
(Miller and Yellowlees 1989, Belda et al. 1993) and is taken up relatively quickly by the 
holobiont (Sorokin 1992, Godinot et al. 2009). In both species, elevated P was 
significantly correlated with decreased regeneration rate compared to other treatments 
(except for elevated CO2 in M. cavernosa), although starch and lipid accumulation were 
not significantly different compared to the control or combined NP treatments. This is in 
contrast to other studies that observed an increase in total zooxanthellar carbon observed 
under elevated phosphate (Godinot et al. 2011). This disparity may be the result of the 
unique biology of the species used here compared to species utilized in other studies 
(such as Stylophora pistillata in Godinot et al. 2011), or due to variability in 
Symbiodinium clades between species.  
Accumulation bodies are hypothesized to have a function related to autophagic 
processes (cell aging) (Lesser and Shick 1990, Domotor and D’Elia 1986). In M. 
cavernosa, although not significant, accumulation body diameter was 10.26% greater in 
the elevated P treatment than in the control, suggestive of a slower symbiont cell division 
rate under elevated P (Cook and D’Elia 1987) compared to control conditions. This is 
supported by the small percentage of doublets observed in the elevated P treatment 
(0.86%). Concomitantly, the mean percentage of degraded Symbiodinium was the highest 
under elevated P (27.64%). Similarly in P. astreoides, accumulation body diameter was 
greater in the elevated P treatment compared to the control (7.26%, not significant), 
suggestive of a slower symbiont cell division rate under elevated P (Cook and D’Elia 
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1987) compared to control conditions. This is contradicted by the higher percentage of 
doublets observed in the elevated P (11.05%) treatment compared to the control (3.25%), 
and the relatively low mean percentage of degraded Symbiodinium (8.87%). 
When nitrate and phosphate are combined, regeneration rate in M. cavernosa was 
significantly less than the control in R2, but not in R1; however, the effect on starch and 
lipid accumulation was significantly different from the control. In P. astreoides, 
combined nutrient enrichment also significantly reduced regeneration compared to the 
control; however no differences in zooxanthellar metrics were found. This trend differs 
from the single other study on the ultrastructural effects of combined nutrients; 
Ambariyato and Hoegh-Guldberg (1996) observed significant increases in intracellular 
starch under combined elevated ammonium and phosphate in zooxanthellae of the clam 
T. maxima (although ammonium enrichment was used instead of nitrate). In M. 
cavernosa, carbon accumulation under combined nutrient enrichment compared to 
control conditions, when coupled with the lack of impact of elevated P alone on carbon 
accumulation, may indicate a greater nitrogen limitation of the Symbiodinium sp. in the 
ex-situ experimental conditions. Taken together, the regeneration rate in both species and 
ultrastructural metrics in M. cavernosa suggest that combined nitrate and phosphate 
enrichment may be sufficient to impact energetic translocation (and therefore, 
regeneration rate) without completely uncoupling zooxanthellar growth from the host.  
Uric acid is a nitrogen compound, and Symbiodinium sp. may potentially store 
nitrogen as uric acid for use when N supplies are low (Davy et al. 2006). In this study, 
Symbiodinium in P. astreoides exposed to elevated N alone stored an average of 13.65% 
less nitrogen as uric acid than the control, and M. cavernosa stored an average of 26.5% 
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less; thus less nitrogen (significantly less, for M. cavernosa) is stored when not nitrogen 
limited. The combined effect of nitrate and phosphate on uric acid content was similar to 
that observed in the control for both species (mean uric acid stores of 6.28% less than the 
control for M. cavernosa, and 11.2 % less than the control in P. astreoides, neither 
difference significant). This supports the concept that combined nitrate and phosphate can 
result in balanced zooxanthellar growth that maintains host nitrogen insufficiency, as 
neither nutrient is consumed by the host, as well as decreased N storage under nitrogen 
replete conditions. 
In M. cavernosa, wound regeneration rate was significantly impacted by elevated 
pCO2, and was significantly less than the control in both R1 and R2. Neither carbon 
accumulation nor nitrogen accumulation in M cavernosa was statistically significantly 
greater than the control, although both averages were greater (8.38% and 12.4% higher, 
respectively). In P. astreoides, elevated CO2 also significantly negatively impacted 
wound regeneration rate compared to the control. While carbon storage was not 
significantly different compared to the nutrient treatments or the controls, nitrogen 
storage in the form of uric acid was an average of 34.2% higher under elevated CO2 
compared to the nutrient treatments, and 17.6% higher than the control. As reduced pH 
resulting from CO2 addition enhances diffusional nitrogen uptake (Fitt et al. 1995), it may 
allow the symbiont to sequester available nitrogen, thus reducing the amount available to 
the host. When considered alongside the potential of elevated CO2 to enhance 
photosynthesis by reducing symbiont carbon limitation ( esser et al. 1994, K hl et al. 
1995), elevated CO2 may induce a state of nitrogen starvation sufficient to reduce 
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regeneration rate, although possibly tempered by the diffusional limitations implied by 
the fleshy nature of M. cavernosa.  
The mechanism by which DIC is supplied to the symbiont is still unclear, 
although approximately 15% may be supplied by host respiration and the remainder from 
diffusion or active transport through host tissues (Furla et al. 2005, Yellowlees et al. 
2008). Similarly, the potential sources of available nitrogen to the symbiont in hospite 
include the surrounding seawater and metabolic products of the coral tissue itself. 
Increased chlorophyll content and photosynthetic rate under hypercapnic conditions have 
been demonstrated in Symbiodinium of scleractinian corals (Crawley et al. 2010, 
Rodolfo-Metalpa et al. 2010), and higher mitotic index with concomitant higher 
expulsion rates in anemones (Towanda and Theusen 2012). The latter trend is seen in P. 
astreoides where the mean mitotic index percentage under elevated CO2 was 10.2% 
compared to 3.25% in the control, and the former is observed in M. cavernosa, where the 
percentage of degraded zooxanthellae in elevated CO2 (23.41%) was more than double 
that observed in the control (10.19%).  
Overall, both nutrient enrichment and elevated CO2 significantly affected wound 
regeneration processes in both M. cavernosa and P. astreoides. In both species, 
phosphate enrichment had the greatest deleterious effect on wound repair. The wound 
healing process is directly related to the immune response, and corals have a suite of 
immune mechanisms (Mydlarz et al. 2008, Palmer et al. 2008, Palmer et al. 2010). The 
evidence of significant differences in immune response between species is outlined by 
Palmer et al. (2010), who observed that the relative investment in immune capability 
differs among coral species (taxa). Allocation of immunity traits represents a trade-off of 
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other life history capabilities (reproduction, etc.), and coral wound healing strategy may 
be more important to the healing process than other properties such as colony size (Henry 
and Hurt 2005). This species-specific variability in allocation of energy may be indicative 
of relative resistance/resilience to disturbance, and has been developed over the evolution 
of the species through geologic time. For example, peroxidase activity and melanin-
containing granular cell size are significant predictors of susceptibility to environmental 
disturbance (Palmer et al. 2010). Family level variability in constituent immune 
parameters underpins susceptibility. Species variability in immune response may explain 
variability in coral susceptibility to stressors such as bleaching and disease, with the level 
of investment inversely correlated to susceptibility (Palmer et al. 2010). As overall tissue 
changes were not evident, zooxanthellar ultrastructure may be a good reflection of the 
differential energetic requirements during active tissue regeneration under anthropogenic 
stressors, with relative effects between the two species studied here a reflection of colony 
morphology, immune response, and healing strategy. 
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Chapter 4: RELATIVE SUCCESS OF MONTASTRAEA CAVERNOSA 
AND PORITES ASTREOIDES FRAGMENTS IN THE FIELD AND IN 
A LAND-BASED NURSERY 
INTRODUCTION 
In Broward County, Florida, reef-related expenditures by both residents and 
visitors generate $2.1 billion in revenue and $1.1 billion in income per year. This 
represents the greatest economic impact of the major southeast Florida counties (Palm 
Beach, Broward, Miami-Dade and Monroe) (Johns et al. 2001). This popularity, 
however, when coupled with a growing global population and the close proximity of 
coral reefs to coastal areas, has resulted in increasing anthropogenic pressure on reef 
systems. Direct physical damage can result from storms, coral collection, dynamite 
fishing, blasting, anchors, and vessel groundings (Auberson 1982, Curtis 1985, Szmant 
2002). The Florida Department of Environmental Protection Coral Reef Conservation 
Program database includes 14 reef anchoring and 21 ship grounding events that are 
estimated  to have impacted approximately 6.2 hectares of reef (Walker et al. 2012), 
resulting in significant damage to reef communities. These repeated physical damage 
events, coupled with existing eutrophication stress (a complex process of organic 
production and accumulation) and changing global climate, present a poor outlook for 
successful natural recovery of these reef communities (Szmant 2002, after Nixon 1995).   
The ecological and economic significance of coral reefs and communities dictates 
that damaged areas (particularly in the case of physical destruction) undergo restoration 
efforts. Natural recovery of damaged areas can be slow, from 5-10 years to recover from 
localized disturbances in areas with good recruitment rates and several decades to 
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centuries for larger impacts and when recruitment rates are poor (Grigg and Maragos 
1974, Curtis 1985, Connell 1997, Guzman 1999). Increased vessel activity near 
population centers and active ports in southeast Florida has resulted in numerous major 
grounding events. An assessment of coral recruitment, juvenile growth, and mortality 
rates at two grounding sites over a three year period found overall recruitment was 
generally low; it was generally higher at the grounding sites, concomitant with somewhat 
higher mortality at these grounding sites (Moulding et al. 2012). Disruption of the reef 
substrate in physical damage events can contribute to reduced recruitment through 
increased sedimentation/substrate instability and a lack of surface area suitable for larval 
settlement (Brown and Dunne 1988, Edwards and Clark 1998, Moulding et al. 2012). 
Coral transplantation as a management tool has been discussed by several authors 
(Maragos 1974, Banner 1974, Birkeland et al. 1979, Auberson 1982, Yap and Gomez 
1985, Harriott and Fisk 1988a and b, Dodge et al. 1999). Coral fragments are used in reef 
restoration efforts both through the reattachment of colonies broken by physical forces 
and through the transplantation of colonies purposely fragmented for propagation 
purposes. It can be utilized as a means of restoring reef areas that have been damaged in a 
variety of ways and is generally biologically successful with survival rates of 50-100% 
(Harriott and Fisk 1988b). The primary goal of transplantation is to restore damaged 
areas more quickly by adding larger, more mature colonies with a higher probability of 
survival and higher growth rate (Harriott and Fisk 1988b). The addition of mature 
reproductive colonies may also promote natural local recruitment (Kojis and Quinn 1981, 
Harriott and Fisk 1988b), but this approach may only have logical application in cases 
where recruitment is limited (Pearson 1981, Harriott and Fisk 1988b). In areas where 
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coral cover is limited, loss of mature colonies from the donor site is a major drawback. 
Transplantation of fragments from larger colonies reduces effects on donor sites, 
although high mortality rates can occur in transplanted fragments <10 cm in length 
(Harriott and Fisk 1988b).  
Several authors have predicted that fragment or propagule size is directly related 
to survivorship (Smith and Fretwell 1974, Wilbur 1977) while others have found no 
relationship between fragment size and survivorship (Bruno 1998) and have suggested 
that factors other than size, including colony morphology, disease, predation, 
regeneration capability, and environmental conditions play a role in fragment survival 
(Bak and Criens 1981, Rylaarsdam 1983, Wahle 1983, Knowlton et al. 1990). Highsmith 
(1982) suggested a trade-off between many small fragments versus fewer large ones, and 
Highsmith’s model predicts intra- and inter-specific trade-offs among coral species, 
dependent upon fragment size (Highsmith et al. 1980, Hughes and Jackson 1985, Hughes 
and Connell 1987). Yap and Molina (2003) observed higher survival and growth rate in 
fragments transplanted to the field compared to fragments held in land-based systems, 
supporting the importance of environmental conditions in survivorship. In the majority of 
the studies on fragmentation, the coral species used are branching species, and variability 
in species adaptability to new environments is well established (Yap et al. 1992, Ammar 
et al. 2000). Thus, while the specific reasons for generally higher mortality in small 
fragments are unknown, it is likely that environmental factors in areas prone to physical 
damage (such as sedimentation and/or increased nutrient levels) contribute to their 
decreased ability to successfully heal and survive.  
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This study examined the survival and growth of small fragments (≈16 cm2) of two 
non-branching scleractinian species, Montastraea cavernosa and Porites astreoides, in 
the field and in a land-based nursery over a 2 year period. The transplantation 
experiments were conducted in their entirety twice (summer and winter). The goals of 
this study were to 1) examine the effect of seasonal variability at transplant time on 
fragment success, 2) compare survival and growth of fragments in a land-based nursery 
to those transplanted to the field, and 3) examine species-specific responses to 
fragmentation and transplantation. 
METHODOLOGY 
Four colonies each of M. cavernosa and P. astreoides were collected in October 
2007 (“Winter transplant”) and in July 2008 (“Summer transplant”). Within 2 days of 
collection, each colony was cut into 18 20 cm
2
 fragments using a wet tile saw. Four 
fragments (one from each colony) of each species were attached with Portland cement to 
a tagged cement plate (18 plates per species, 6 plates of each species per treatment). The 
fragments from each colony were divided into three treatment groups: 1) Restoration 
fragments (transplanted to a grounding site immediately and monitored for growth and 
mortality over time), 2) Assessment fragments (transplanted to a grounding site 
immediately, then collected and fixed at intervals for histological analysis), and 3) 
Nursery fragments (maintained in an outdoor nursery and monitored for growth and 
mortality over time).  
The Restoration and Assessment plates were transplanted to the M/V Eastwind 
ship-grounding site (located at 26°07.041 N, 80° 05.548 W) in October 2007 (Winter 
transplant, mean temperature for 30 days post-transplant 26.3±1.2°C) and in July 2008 
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(Summer transplant, mean temperature for 30 days post-transplant 29.4±0.5°C). Tagged 
plates were haphazardly affixed to hard-bottom substrate with Portland cement. The 
Nursery plates were maintained in an outdoor land-based nursery system, consisting of 
four 400 gallon fiberglass raceways, supplied by a saltwater well. (Winter transplant, 
mean temperature for 30 days post-transplant 24.3±2.5°C; Summer transplant, mean 
temperature for 30 days post-transplant 28.3±0.9°C). The system was partially 
recirculating and partially temperature controlled by input from the seawater well. The 
recirculating water was treated with ozonation and protein skimming. Tanks were 
covered with 70% shade cloth in full natural sunlight. 
Measurement of fragment size. Each plate was photographed to monitor survivorship, 
partial mortality, and growth rate of the fragments three months, six months and one year 
after transplantation. Basal area of each fragment was determined by photographic area 
analysis of calibrated photographs using Image J. Changes in basal area yielded a rate in 
areal units per time unit (cm
2
/day). This methodology has an advantage over measures of 
radial changes and is based on the assumption that colonies increase their basal area in all 
directions instead of simply radially.  
Histology and ultrastructure. Fragments from the Assessment plates were collected 
periodically for histological analysis to examine tissue condition. Fragments were fixed 
in glutaraldehyde fixative solution [2 mL 70% glutaraldehyde in 68 mL cacodylic buffer 
(2.16 g cacodylic acid in 200 mL of .22 µm filtered seawater)], and were maintained at 
4°C in the fixative solution for 1-2 days. Samples were then decalcified in 5% 
HCl/EDTA solution, and decalcified tissues were dehydrated and embedded in 
Paraplast®. Paraffin blocks were sectioned at 4 microns and mounted on slides. Sections 
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were cleared in xylene and stained with Hematoxylin & Eosin. Stained slides were 
viewed in an Olympus BX 43 light microscope, and selected tissue areas were 
photographed with an Olympus DP20 digital camera. A minimum of three areas of 
coenosarc were quantified per sample, and measurements were made from each of two 
slides for each sample. Digital micrographs were calibrated in Image J, and tissue and 
cellular characteristics were measured on screen. For both species, the area of each tissue 
layer [epidermis (EP), upper gastrodermis (Upper GD), lower gastrodermis (Lower GD), 
calicodermis (CD)] was determined by tracing along the edge of each layer along a 100 
µm contour length, and the area of mucocytes and gland cells (M. cavernosa) or 
mucocytes and pigmented granular amoebocyte cells (P. astreoides) was determined by 
tracing the cell margins using Image J. These measurements were then used to quantify 
the relative surface area per contour length. Symbiotic dinoflagellates [total number and 
mitotic index (MI)] and amoebocyte cells were quantified where applicable, and the 
number normalized to tissue area or contour length. 
Zooxanthellar organelles and storage products were identified by comparison with 
previously published TEM micrographs (Shifrin and Chisholm 1981, Berner and Izhaki 
1994, Ambariyato and Hoegh-Guldberg 1996, Muller-Parker et al. 1996, Clode et al. 
2009). Digital micrographs were calibrated in Image J and cellular characteristics were 
measured on screen. Symbiodinium sp. present in each image were identified and 
counted. A minimum of ten discrete, intact and non-dividing zooxanthellae from each 
fragment of both species collected at 3 months post-transplant were randomly selected for 
measurement. The number of degraded zooxanthellae and dividing cells (doublets) were 
quantified. Zooxanthellae diameter was determined by measurement across the widest 
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part of each cell. The area of each zooxanthella was determined by tracing the edge of 
each cell, and the area of organelles and storage products was determined by tracing the 
area of each component using the Image J wand tool, which automatically selects pixels 
of equal or similar value, or thresholded pixels, forming a contiguous area. These 
measurements were then used to quantify the relative organelle surface area per cell. 
Statistical analyses. Growth rate data (untransformed and transformed) were examined 
for homogeneity of variance (Brown-Forsythe) and normality (Komolgorov-
Smirnov/Lilliefors). As the data were found to be neither homoscedastic or normally 
distributed, Kruskal-Wallis one-way analysis of variance on ranks was used to examine 
the effects of transplant season and transplant location on basal growth rate.  
To compare survivorship between species, transplant season, and transplant 
location, survivorship curves were fitted with the Kaplan-Meier product limit function. 
Survival distributions were then compared using the non-parametric Log-rank test.  
To compare histological characteristics over time post-transplant, mixed model 2-
way nested ANOVA [Factors: Collection date and Colony (Collection date)] (α=0.05) 
was used. Cellular characteristics were examined for homogeneity of variance (Brown-
Forsythe) and normality (Komolgorov-Smirnov/Lilliefors). Where data were not normal 
or homoscedastic, the logarithmic, square root, or box-cox transformations were used. 
Data were further evaluated using Tukey’s HSD post hoc analysis where appropriate. 
Due to infrequent occurrence, some characteristics (Upper and Lower GD MI, 
amoebocyte density, and gland cell area percentage in M. cavernosa; Upper and Lower 
GD MI, Lower GD zooxanthellae density, CD mucus area percentage and CD pigmented 
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granular amoebocyte area percentage in P. astreoides) were not statistically evaluated. 
All statistical tests were performed using STATISTICA 12. 
RESULTS 
The effects of transplant season and transplant location on basal growth rate are 
presented for both species as the mean changes in basal area (mm
2
 d
-1
) and mean 
fragment size (mm
2
) over the three time intervals in Table 4.1 and Figs. 4.1 and 4.2. It 
should be noted that growth rate is shown as negative in many cases, reflecting a mean 
loss of basal area over time.  
The effects of transplant season and transplant location on percent survivorship 
(survival in percent of the original number of transplants) for both species over the three 
time intervals is shown in Table 4.2. Kaplan-Meier survival curves comparing the 
performance of the fragments are shown in Figure 4.3 (graphs shown only for those with 
significant differences). 
Table 4.1: Mean change in basal area over time (growth rate) [mm
2
 d
-1
± SD (n)]. 
Montastraea 
cavernosa 
Growth Rate (mm
2
 d
-1
)  
 3 month 6 month 12 month Overall 
Season Location        
Winter Field -0.218 ± 0.267(48) -0.006 ± 0.485(47) -0.455 ± 0.393(45) -0.115 ± 0.192 
Summer Field -0.034 ± 0.128(48) -0.374 ±0.359(47) 0.079 ± 0.212(44) -0.038 ± 0.157 
Winter Nursery -0.039 ± 0.075(16)  -0.012 ± 0.010(14) -0.016 ± 0.009(12) -0.171 ± 0.209 
Summer Nursery 0.018 ± 0.082(24) 0.166 ± 0.400(24) -0.235 ± 0.299(20) -0.075 ± 0.132 
Porites astreoides Growth Rate (mm
2
 d
-1
)  
 3 month 6 month 12 month Overall 
Season Location        
Winter Field -0.057 ± 0.383(48) -0.059 ± 0.261(45) 0.0031 ± 0.192(45) -0.196 ± 0.192 
Summer Field -1.615 ± 0.201(48) -0.041 ± 0.074(46) 0.0126 ± 0.132(39) -0.399 ± 0.102 
Winter Nursery  -0.212 ± 0.029(21) --- --- --- 
Summer Nursery 0.166 ± 0.267(24) 0.208 ± 0.356(24) -0.0029 ± 0.379(23) 0.078 ± 0.254 
Transplant season. For M. cavernosa fragments transplanted to the field, transplant 
season had a significant effect on growth rate over all time intervals. Three months after 
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transplant, fragments transplanted during the summer had a significantly higher growth 
rate than those transplanted during the winter (p<0.001). Six months after transplant, the 
fragments transplanted during the winter had a significantly higher growth rate 
(p<0.001). Twelve months after transplant, the summer transplant fragments again had a 
significantly higher growth rate (p<0.001). Overall, mean fragment size decreased by 
12.6% for those transplanted in the winter and by 1.4% for those in the summer.  
In M. cavernosa fragments maintained in the nursery, no significant difference  
was found in growth rate between transplant season 3 months after transplant (p=0.0644). 
Six months after transplant, fragments transplanted in the summer had a significantly 
higher growth rate (p=0.0030), and 12 months after transplant, fragments transplanted in 
the winter had a significantly higher rate (p=0.0195). Overall, mean fragment size 
decreased by 33.5% for those transplanted in the winter and by 30.6% for those in the 
summer. 
Comparison of the nursery transplant fragments is impaired by a mortality event 
that affected the winter transplant fragments four months after transplant. A cold snap 
resulted in a decrease in temperature in the outdoor land-based nursery culture system to 
approximately 15°C from an average normal temperature of approximately 26°C. This 
event substantially affected the coral fragments, causing mortality. Some colony bias was 
noted, as the majority of fragments from two colonies (one and four) experienced no or 
only partial initial mortality while the majority of fragments from the remaining colonies 
(two and three) experienced 100% mortality. 
For P. astreoides fragments transplanted to the field, a significant difference in 
growth rates was only observed 3 months after transplant, with the winter transplants 
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having a significantly higher growth rate than the summer transplant fragments 
(p<0.001). There was no significant difference in growth rates between transplant times 
at six months (p=0.9766) or 12 months after transplant (p=0.0552). Overall, mean 
fragment size decreased by 37.1% for those transplanted in the winter and by 81.2% for 
those in the summer. 
For the winter transplant, the majority of this decrease in fragment size occurred 
in the first two months after transplant. Most of the fragments had substantial damage and 
partial mortality, presumably caused by parrotfish bites, as numerous teeth marks were 
observed on each fragment. Additionally, many fragments were pale and/or partially 
bleached. Some fragments appeared to be less subject to parrotfish predation, as 
evidenced by fewer bites overall.   
For P. astreoides fragments maintained in the nursery, fragments transplanted 
during the summer had a significantly higher growth rate than those transplanted during 
the winter three months after transplant (p<0.001). The cold event described above had a 
profound effect on the P. astreoides nursery fragments, as the majority of fragments from 
all four colonies experienced 100% mortality within 2 weeks. Thus, comparison at six 
and twelve months after transplant was not possible. Overall, mean fragment size 
increased by 13% for those transplanted in the summer. 
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Figure 4.1: Basal growth rate (±SD) (cm
2
 d
-1
) of transplanted fragments 
Transplant location. For M. cavernosa fragments transplanted during the winter, 
transplant location had a significant effect on growth rate over all time intervals. Three 
months after transplant, fragments maintained in the nursery had a significantly higher 
growth rate than those transplanted to the field (p=0.005). Six months after transplant, the 
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fragments transplanted to the field had a significantly higher growth rate (p=0.0263). 
Twelve months after transplant, the nursery fragments again had a significantly higher 
growth rate (p<0.001). Comparison of the winter transplant fragments is impaired by a 
mortality event that affected the winter transplant fragments four months after transplant 
as described above. 
For M. cavernosa fragments transplanted during the summer, no significant 
difference was found between the nursery and field growth rates 3 months after transplant 
(p=0.0945). Six months after transplant, fragments maintained in the nursery had a 
significantly higher growth rate (p<0.001). Twelve months after transplant, fragments 
transplanted to the field had a significantly higher growth rate (p=0.001).  
For P. astreoides fragments transplanted during the winter, transplant location had 
a significant effect on growth rate three months after transplant. Fragments transplanted 
to the field had a significantly higher growth rate than those maintained in the nursery 
(p=0.0029). Comparison at six and twelve months after transplant was not possible due to 
a mortality event in the nursery described above, which resulted in the loss of all P. 
astreoides fragments. 
For P. astreoides fragments transplanted during the summer, transplant location 
had a significant effect on growth rate over all time intervals. Three months and six 
months after transplant, fragments maintained in the nursery had a significantly higher 
growth rate than those transplanted to the field (p<0.001 and p=0.0007, respectively). 
Twelve months after transplant, the fragments transplanted to the field had a significantly 
higher growth rate (p=0.0038). 
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Figure 4.2: Mean fragment size (±SD) (cm
2
) for transplanted fragments 
Survivorship and transplant season. For M. cavernosa fragments transplanted to the 
field, transplant season did not have a significant effect on survivorship (p=0.1326). For 
fragments maintained in the nursery, fragments transplanted during the summer had a 
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significantly higher survivorship than those transplanted in the winter (p=0.006). 
However, these results are skewed by the cold event described above.  
For P. astreoides fragments transplanted to the field, fragments transplanted 
during the winter had a significantly greater survivorship than those transplanted during 
the summer (p=0.0443). For fragments maintained in the nursery, fragments transplanted 
during the summer had a significantly higher survivorship than those transplanted in the 
winter (p<0.001). As with M. cavernosa, these results are skewed.  
Survivorship and transplant location. For M. cavernosa fragments transplanted in the 
summer, transplant location did not have a significant effect on survivorship (p=0.3979). 
For fragments transplanted in the winter, fragments transplanted to the field had a 
significantly higher survivorship than those transplanted to the nursery (p=0.006).  
For P. astreoides fragments transplanted in the summer, fragments in the nursery 
had significantly higher survivorship than those transplanted to the field (p=0.0478). For 
fragments transplanted in the winter, fragments transplanted to the field had a 
significantly higher survivorship than those transplanted to the nursery (p=0.000). Again, 
these results are skewed.  
Table 4.2: Percent survivorship. 
Montastraea cavernosa Percent Survivorship 
 3 month 6 month 12 month 
Time Location       
Winter Field 100% 100% 95.7% 
Summer Field 100% 100% 93.6% 
Winter Nursery 66.7% 58.3% 50% 
Summer Nursery 100% 100% 83.3% 
Porites astreoides Percent Survivorship 
 3 month 6 month 12 month 
Time Location       
Winter Field 100% 95.6% 95.6% 
Summer Field 100% 97.9% 83.0% 
Winter Nursery 87.5% 0% 0% 
Summer Nursery 100% 100% 95.8% 
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Figure 4.3: Kaplan-Meier survival curves 
comparing fragment performance of 
Montastraea cavernosa and Porites astreoides 
in the field and in a land-based nursery for 
two transplantation times. 
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Transplant species. No significant differences in survivorship were found between 
species for the summer field transplant (p=0.1072), or for the summer nursery transplant 
(p=0.1607). For fragments transplanted in the winter to the nursery, survivorship for M. 
cavernosa fragments was significantly higher than for P. astreoides (p=0.0036). 
Comparison of survivorship between species for the winter field transplant was not 
possible due to the lack of more than one “complete” case designation for the log-rank 
analysis (no difference between survivorship).  
Histology. Histological micrographs of the coenenchyme of M. cavernosa fragments are 
shown in Fig. 4.4. Overall, the tissue exhibits good integrity and structure. Nuclei are 
distinct and membranes are intact, and staining properties are indicative of relatively 
heathy tissue. However a progressive increase in mucus production (Figure 4.4B), 
concomitant with some tissue swelling, is indicative of sedimentation stress at the 
transplant site (Vargas-Ángel et al. 2005). 
 
Figure 4.4: Montastraea cavernosa, histological micrographs. A) 3 months and B) 12 months after 
transplant. ep: epidermis; gd: gastrodermis; mu: mucocyte; zx: zooxanthellae. 
Histological analysis of the P. astreoides fragments collected from the 
Assessment field plates three and nine months after transplantation (for both transplant 
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seasons) indicated cellular variability (Fig. 4.5). Some increase in size of the 
gastrodermal mucocytes is observed at 3 months post-transplant (Fig. 4.5A). After 12 
months (Fig. 4.5B), epidermal mucocyte swelling is prominent as well. This is evidence 
of sub-lethal cellular stress, possibly caused by sedimentation stress (Vargas-Ángel et al. 
2005). These histological changes are consistent with the persistent sedimentation stress 
observed at the grounding site (pers. obs.). 
 
Figure 4.5: Histological micrographs. Porites astreoides, A) 3 months and B) 12 months after 
transplant. Ep: epidermis; gd: gastrodermis; mu: mucocyte; zx: zooxanthellae. 
Histological metrics over time post-transplant (Appendix G). In M. cavernosa, 
significant overall differences between transplant times were found for EP tissue area 
(F(2,8)=4.018, p=0.0234), Upper GD tissue area (F(2,8)=11.400, p=0.0001), Lower GD 
tissue area (F(2,8)=8.445, p=0.0007), Upper GD zooxanthellae density (F(2,8)=34.272, 
p=0.0000), EP mucus area percentage (F(2,8)=10.876, p=0.0001), Upper GD mucus area 
percentage (F(2,8)=77.861, p=0.0000) and Lower GD mucus area percentage 
(F(2,8)=33.934, p=0.0000). Post hoc analysis indicated that EP tissue area was greater at 6 
months post-transplant than at 3 or 12 months, and that Upper GD and Lower GD tissue 
area and Upper GD and Lower GD mucocyte area percentage were significantly less at 3 
months than at 6 or 12 months post-transplant; Upper GD zooxanthellae density was 
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significantly lower at 6 months post-transplant; and EP mucus area percentage was 
significantly higher at 6 months. The nested random factor of colony significantly 
effected Lower GD tissue area (p=0.0014), Upper GD zooxanthellae density (p=0.0009), 
EP mucus area percentage (p=0.0483), Upper GD mucus area percentage (p=0.0318), and 
Lower GD mucus area percentage (p=0.0007). 
In P. astreoides, significant overall differences were found for EP and Upper GD 
tissue area (F(2,9)=4.611, p=0.0139 and F(2,9)=5.390, p=0.0073), Upper GD zooxanthellae 
density (F(2,9)=8.622, p=0.0005), Lower GD mucus area percentage (F(2,9)=10.684, 
p=0.0001) and EP pigmented granular amoebocyte area (F(2,9)=4.954, p=0.0104). Post-
hoc analysis indicated that EP tissue area was significantly highest at 12 months post-
transplant; Upper GD tissue area was significantly lowest at 6 months; Upper GD 
zooxanthellae density was significantly highest at 3 months; Lower GD mucus area 
percentage was significantly highest at 12 months; and EP pigmented granular 
amoebocyte area was significantly higher at 6 months post-transplant. The nested random 
factor of colony significantly effected Upper GD tissue area (p=0.0010), Lower GD 
tissue area (p=0.0097), CD tissue area (p=0.0186), Upper GD zooxanthellae density 
(p=0.0001), EP mucus area percentage (p=0.0415), Upper GD mucus area percentage 
(p=0.0393), Lower GD mucus area percentage (p=0.0071), and Lower GD pigmented 
granular amoebocyte area percentage (p=0.0070). 
Symbiodinium sp. ultrastructure. The mean percentage of degraded zooxanthellae 
occurring in each species 3 months post-transplant is shown in Fig. 4.6A, and the mean 
mitotic index percentage observed for each treatment is shown in Fig. 4.6B. Overall, the 
percentage of degraded zooxanthellae was higher in M. cavernosa, and the mitotic index 
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was greater in P. astreoides. Symbiodinium sp. Mean cell diameter, accumulation body 
diameter, and mean intracellular percentage of starch, lipid, and uric acid for each species 
3 months post-transplant is shown in Fig. 4.7. Cell and accumulation body diameter are 
similar between the two species. Overall, the zooxanthellae in P. astreoides contained 
higher amounts of carbon as starch and lipid than those in M. cavernosa. 
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Figure 4.6: Symbiodinium sp. in Montastraea cavernosa and Porites astreoides, 3 months post-
transplant. A) Mean % degraded zooxanthellae (±SE) and B) Mean mitotic index % (±SE). 
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Figure 4.7: Symbiodinium sp. in Montastraea cavernosa and Porites astreoides, 3 months post-
transplant. A) Mean diameter (±SE), B) mean accumulation body diameter (±SE), C) mean % starch 
area (±SE), D) mean % lipid area (±SE) and E) mean % uric acid vacuole area (±SE) for each 
species.  
DISCUSSION 
This study examined the effects of environmental variability on similarly sized 
fragments transplanted to an impacted reef environment and to an onshore nursery. The 
goal was to examine the effect of seasonal variability at transplant time, transplant 
136 
 
location and species on the success of small fragments. The majority of transplant 
survivorship studies to date have examined the effects of fragment size on transplant 
success. In general, these studies have found that there tends to be a trade-off between 
transplant growth rate and survivorship (Clark and Edwards 1995). Highsmith (1982) 
proposed a general relationship between fragment size and survivorship in corals, with a 
continuum of potential restoration strategies from the production of many small 
fragments with potentially poor survival rates to transplantation of a few large fragments 
with a higher potential survivorship. Although the size of fragments seems to be inversely 
related to mortality in some species, this does not appear to be the case for all species 
(Edwards and Clark 1998). Bruno (1998) observed no apparent increase in survivorship 
with size of larger fragments (5–15 cm in length), and there was no overall significant 
relationship between fragment size and survivorship, although fragment survivorship 
varied greatly among sites, with the lowest where high sedimentation rates existed. Thus, 
although fragmentation in corals may be beneficial in terms of restoration, fragment size 
may be a neutral character or could be determined primarily by selective forces unrelated 
to fragmentation, such as habitat requirements or physiological and competitive pressures 
(Denny et al. 1985, Lang and Chornesky 1990, Patterson 1992). Therefore the effects of 
size may be relatively small in comparison to other factors, and coral life history trade-
offs may be considerably more complex than originally anticipated (Wahle 1983). The 
results of this study support this concept, identifying significant effects related to 
transplant season, location, and species in the absence of fragment size differences. 
Ideal transplant times are often proposed in an effort to reduce the inherent stress 
of transplantation through limiting temperature stress on transplanted fragments. While 
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transplant mortality rate can be higher during periods of high sustained water temperature 
(Yap and Gomez 1985, Larson pers. comm.), coral growth is generally higher as well 
(Crossland et al. 1984). The two transplant times in this experiment represented a 3.1 °C 
difference in average field water temperature and a 4.0 °C difference in average nursery 
water temperature for the 30 days following the transplant but did not coincide with the 
highest or lowest sustained temperatures in the field. For both species, transplant season 
had a significant effect on transplant growth rate, although the effect was not the same for 
each. For M. cavernosa, growth rate was higher overall for the field fragments 
transplanted in the summer, and in P. astreoides transplant growth rate was higher overall 
for those transplanted in the winter. In the nursery, transplant season produced no 
significant difference in M. cavernosa growth rates 3 months after transplant, but for P. 
astreoides the summer transplants had a higher growth rate. In terms of survivorship, 
transplant season had no effect on M. cavernosa fragments in the field, but P. astreoides 
survivorship was higher in the winter. Thus, differences in transplanted fragment success 
may be linked to transplant season in these two species, but the effect is not consistent 
between species. This inconsistency may be related to the fact that the transplant times 
were not aligned with the highest or lowest sustained field temperatures. 
Substrate instability at disturbed or grounding sites makes transplanted fragments 
more susceptible to burial (Dizon and Yap 2006). Corals buried in sediment suffer high 
mortalities, and it has been demonstrated that the ability to recover from burial episodes 
is species-specific (Wesseling et al. 1999). Low level sedimentation that covers the 
colony edges can result in episodic changes in colony size unrelated to growth. This 
episodic sedimentation is indicative of seasonality in local environmental conditions. In 
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such disturbed environments, the cumulative effect of recurrent disturbances are negative 
overall, as the fragments do not sufficiently recover from a previous perturbation before 
being subjected to succeeding events. Fragments may generally have an advantage in a 
more stable onshore nursery environment, although Yap and Molina (2003) observed 
higher survival and growth rate in fragments transplanted to the field compared to 
fragments held in land-based systems. Similar to the effects of transplant time, transplant 
location had a significant effect on transplant growth rate in both species. For M. 
cavernosa, growth rates were higher overall in the fragments transplanted to the nursery 
for both transplant times. For P. astreoides growth rate was higher overall for those 
transplanted to the nursery in the summer and higher in the field transplants 3 months 
after the winter transplant. Transplant location had a significant effect on survivorship of 
the P. astreoides fragments transplanted in the summer, with the nursery survivorship 
significantly higher. No location effect was observed in M. cavernosa for the summer 
transplant. Significantly lower survivorship of the nursery fragments was observed for the 
winter transplant in both species, related to unstable temperature conditions in the 
nursery. While this may seem like an anomaly, it is representative of the challenges 
involved in maintaining an onshore coral nursery. The short-term exposure to cold 
temperatures ultimately resulted in 100% mortality in the P. astreoides fragments 
maintained in the nursery (compared to 50% mortality for the M. cavernosa fragments) 
from the initial transplant event. This was unfortunate as the typically fast growth rate of 
P. astreoides suggested that it would be ideal for fragmentation. In the field, P. astreoides 
was also susceptible to significant predation by parrotfish, sedimentation, and algal 
overgrowth. Based on observations at the transplant site coupled with histological 
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characteristics, fragments also appear to have been affected by extensive periodic 
sedimentation events. In both M. cavernosa and P. astreoides, general increases in tissue 
and mucocyte area over time is consistent with chronic tissue swelling and increased 
mucus production in corals subject to low-level sedimentation stress (Vargas et al. 2005). 
Overall, fragments of both species performed better in the nursery, concurring with the 
observations of Bruno (1998). As an increase in zooxanthellae densities have been shown 
to reflect elevated nutrient conditions (X. Serrano, pers. comm.), the decrease over time 
in zooxanthellae density for both species after field transplantation suggests that nutrient 
concentration is higher in the nursery than in the field. This is supported by water quality 
data from the nursery and the field (J. Stamates, pers. comm.).  
Thus, temporal variation in the growth rate of transplanted fragments in both the 
nursery and the field can be influenced by multiple factors. In fragments maintained in 
the nursery, short-term exposure of the winter transplant fragments to cold temperatures 
caused significant mortality in fragments from two of the four M. cavernosa colonies and 
in all of the P. astreoides fragments. Fragments transplanted to the field may be 
susceptible to temperature effects, predation, increased nutrients from runoff events, 
spatial competition from seasonal changes in macroalgae biomass, and sedimentation. It 
is likely that all of these factors are linked in the success or failure for corals transplanted 
to the field, and may be antagonistic or additive. For example, winter storms may result 
in increased sedimentation and turbidity, particularly at disturbed sites. Warmer waters in 
the summer months favor higher coral growth rates, but may also coincide with larger 
populations of predatory fish. This certainly appeared to be the case for P. astreoides, as 
higher pigmented granular amoebocytes area over time suggests an increase in wound 
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repair activities. It is likely that disturbed field sites most often targeted for restoration are 
more prone to subsequent disturbances, further stressing new transplants. 
Overall, M. cavernosa appears to be the more resistant of the two species to the 
negative physiological effects of fragmentation and subsequent transplantation. While the 
fragments from both field transplants have not cumulatively grown, this may be a result 
of the time necessary for successful acclimation to different environmental conditions at 
the transplant site, which may take several years (Fujiwara and Omori 2004). It is also 
possible that the field fragments will be unable to acclimate to sub-optimal or unstable 
conditions of a grounding-impacted site. Although P. astreoides is generally regarded as 
a relatively resilient species, these results indicate a lower threshold for stress related to 
fragmentation and transplantation compared to M. cavernosa. It is not surprising that 
species-specific differences exist (Dizon and Yap 2006), as differences in species 
adaptability to new environments are well established (Yap et al. 1992, Ammar et al. 
2000). Fragments of both species were generally more successful in the land-based 
nursery, signifying that transplant site environmental stability is more likely to affect the 
survivorship and growth of transplanted fragments than transplant season.   
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Chapter 5: SYNTHESIS: COMPARISON OF EXPERIMENTAL 
RESULTS AND FIELD OBSERVATIONS 
INTRODUCTION 
A central goal of laboratory experimentation is greater understanding of basic 
biological processes; a secondary goal is expansion to include the prediction of the effect 
of environmental change in the field. In this study, the effects of anthropogenic stressors 
in the form of nutrient enrichment (phosphate and nitrate, both alone and in combination) 
and elevated pCO2, were examined in the context of tissue generation and regeneration. 
Both of these processes place significant energetic demands on the coral holobiont and 
may be significantly impacted by nutrification and ocean acidification. Any life process 
that is highly energetically dependent will be governed by the nature and status of the 
symbiotic relationship between the coral and its dinoflagellate symbiont.  
Coral species are known have unique life history characteristics and to harbor 
different clades of Symbiodinium sp.  Symbiodinium from Clade A has been observed in 
Porites astreoides, and Clade C has been found in Montastraea cavernosa (Venn et al. 
2006). Other species commonly used in laboratory experiments, such as Stylophora 
pistillata, are known to harbor both of these clades depending on collection depth (Byler 
et al. 2013). Zooxanthellae clades have demonstrated distinct responses to stressors such 
as temperature (Venn et al. 2006), and it thus follows that the combination of unique 
coral species with different zooxanthellae with distinct characteristics may result in 
differential response and resilience to stress. This has in fact been demonstrated with 
respect to disease resistance (Kramarsky-Winter 2004). 
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The two species selected for this study, Montastraea cavernosa and Porites 
astreoides, were chosen not only for their status as important reef building species 
(locally and Caribbean-wide), but as book-end representatives of the morphological 
characteristics of massive corals known to contain different symbiont clades.  
The preceding chapters have examined the effects of elevated nutrients and pCO2 
on a) larval settlement, growth, and zooxanthellar characteristics in brooded larvae of P. 
astreoides (Chapter 2), and b) wound regeneration rate and histological/zooxanthellar 
characteristics during regeneration in adult fragments of P. astreoides and M. cavernosa 
(Chapter 3). Chapter 4 quantified histological and zooxanthellar characteristics of 
recently fragmented adult coral (both species) after transplantation to a disturbed field 
environment. This chapter will focus on comparison of the field and experimental 
histological and zooxanthellar characteristics. 
METHODOLOGY 
To examine parallels between the field observations and the ex-situ experimental 
data, histological parameters, Symbiodinium sp. size and ultrastructural characteristics for 
each of the laboratory exposures was examined. As the data were neither normally 
distributed or homoscedastic, the field and ex-situ data was individually compared with 
the Mann-Whitney U-test (α=0.05). All statistical tests were performed using 
STATISTICA 12. 
RESULTS 
A summary table (Table 5.1) shows the percent difference between zooxanthellar metrics 
in field coral specimens collected 3 months post-transplant and the ex-situ experimental 
corals (from P. astreoides recruits in Chap. 3, and P. astreoides and M. cavernosa adults 
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in Chap. 4). For example, mean Symbiodinium cell diameter in the P. astreoides collected 
3 months post-transplant is 3.40% higher than in the recruits from R1 of the settlement 
experiment (Chap. 2). 
A summary table (Table 5.2) shows the percent difference between histological 
metrics in field coral specimens collected 3 (Field A), 9 (Field B) and 12 (Field C) 
months post-transplant and the ex-situ experimental corals (from P. astreoides and M. 
cavernosa adults in Chap. 4). For example, mean EP tissue area in the M cavernosa 
collected 3 months post-transplant is 65% higher than in the ex-situ Control corals from 
R1 of the tissue repair experiment (Chap. 3). 
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Table 5.1: Percentage difference in Symbiodinium sp. ultrastructural metrics between field corals 
collected 3 months post-transplant and ex-situ experimental recruits or corals. 
 
Cell 
Diameter 
(µm) 
Accumulation 
Body Diam. 
(µm) 
% Starch 
Area (µm
2
) 
% Lipid Area 
(µm
2
) 
% Uric Acid 
Vacuole Area 
(µm
2
) 
Porites astreoides: Field collected 3 months post-transplant to Recruits from R1 
Control 3% 10% 2% -49% 38% 
N 7% 5% -48% -75% 157% 
P 6% 12% -28% -60% 123% 
N-P 1% 16% 5% -60% 86% 
CO2 12% 11% -7% -59% -1% 
Porites astreoides: Field collected 3 months post-transplant to Recruits from R2 
Control 2% -7% 82% 13% 27% 
N 1% -22% -41% -73% 185% 
P 4% -15% -5% -21% 63% 
N-P 7% 2% 107% 8% 23% 
CO2 5% -14% 35% -11% 13% 
Porites astreoides: Field collected 3 months post-transplant to Tissue Repair R2 
Control 22% 46% 99% 247% -35% 
N 15% 43% 70% 182% -24% 
P 15% 36% 94% 200% -26% 
N-P 13% 38% 106% 255% -27% 
CO2 11% 35% 99% 200% -44% 
Montastraea cavernosa: Field collected 3 months post-transplant to Tissue Repair R2 
Control 10% 33% -16% 2% -49% 
N -2% 25% -39% -32% -30% 
P -6% 20% -25% -4% -43% 
N-P 1% 33% -15% -15% -45% 
CO2 3% 30% -22% -8% -54% 
  
Table 5.2: Percentage difference in histological metrics between field corals and ex-situ experimental corals. 
 
EP 
Tissue 
Area 
(µm
2
) 
Upper 
GD 
Tissue 
Area 
(µm
2
) 
Lower 
GD 
Tissue 
Area 
(µm
2
) 
CD 
Tissue 
Area 
(µm
2
) 
Upper 
GD Zoox 
Density 
(µm
2
) 
Upper 
GD MI 
Lower 
GD Zoox 
Density 
(µm
2
) 
Lower 
GD MI 
% EP 
Mucus 
Area 
(µm
2
) 
% Upper 
GD 
Mucus 
Area 
(µm
2
) 
% Lower 
GD 
Mucus 
Area 
(µm
2
) 
% Upper 
GD 
Gland 
Area 
(µm
2
) 
% Lower 
GD 
Gland 
Area 
(µm
2
) 
Upper 
GD 
Amoe 
Density 
Lower 
GD 
Amoe 
Density 
Montastraea cavernosa: Field A, collected 3 months post-transplant to Tissue repair Corals from R1 
Control 65% -3% -36% -19% 0% 237% 6% -- -56% -56% -21% -58% -57% -54% -100% 
N 42% -10% -41% -14% -2% 229% 40% -- -57% -60% -46% -59% -89% -70% -100% 
P 56% 0% -39% 4% 1% 335% 35% 92% -47% -39% -8% -71% -60% -68% -100% 
N-P 53% 4% -42% -11% 5% -- 95% -- -44% -57% -42% -57% -57% -57% -100% 
CO2 48% -6% -35% -4% -5% 84% 34% 12% -40% -50% 11% -69% -35% -60% -- 
Montastraea cavernosa: Field B, collected 9 months post-transplant to Tissue repair Corals from R1 
Control 31% 27% -19% -32% -49% 92% -8% -- -11% 266% 168% -73% 191% -76% -100% 
N 13% 18% -25% -29% -50% 88% 22% -- -12% 234% 85% -74% -28% -84% -100% 
P 24% 31% -22% -13% -49% 148% 18% 349% 8% 409% 214% -82% 169% -84% -100% 
N-P 21% 37% -25% -26% -46% -- 69% -- 12% 262% 98% -73% 195% -78% -100% 
CO2 17% 23% -17% -20% -51% 5% 16% 161% 22% 321% 276% -80% 342% -79% -- 
Montastraea cavernosa: Field collected 12 months post-transplant to Tissue repair Corals from R1 
Control 57% 27% -25% -27% -33% 92% -3% -- -61% 183% 223% -65% 336% -45% -100% 
N 36% 19% -30% -23% -34% 88% 28% -- -62% 158% 123% -67% 7% -64% -100% 
P 49% 32% -28% -7% -33% 148% 23% 156% -53% 293% 278% -77% 304% -62% -100% 
N-P 46% 37% -31% -21% -30% -- 78% -- -51% 180% 138% -65% 342% -49% -100% 
CO2 41% 23% -24% -14% -37% 5% 22% 49% -47% 225% 353% -75% 562% -52% -- 
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Area 
(µm
2
) 
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GD 
Gland 
Area 
(µm
2
) 
Upper 
GD 
Amoe 
Density 
Lower 
GD 
Amoe 
Density 
Montastraea cavernosa: Field collected 3 months post-transplant to Tissue repair Corals from R2 
Control 43% -23% -53% -9% 27% 376% 59% 86% -63% -60% -26% -63% -64% -70% -100% 
N 44% -15% -49% 2% 33% 319% 73% 49% -59% -56% -23% -52% -91% -71% -100% 
P 58% -12% -52% -9% 23% 211% 58% 62% -68% -65% -33% -65% -95% -67% -100% 
N-P 50% -16% -58% -3% 26% 121% 127% -- -68% -53% -28% -73% -86% -69% -100% 
CO2 50% -21% -51% -8% 23% 248% 62% 476% -62% -38% -15% -65% -93% -73% -100% 
Montastraea cavernosa: Field collected 9 months post-transplant to Tissue repair Corals from R2 
Control 14% 1% -40% -24% -35% 172% 38% 335% -24% 232% 152% -76% 143% -85% -100% 
N 14% 11% -35% -16% -32% 140% 51% 247% -18% 270% 161% -69% -42% -85% -100% 
P 26% 15% -38% -25% -37% 78% 37% 278% -35% 194% 127% -78% -66% -83% -100% 
N-P 20% 10% -47% -20% -36% 26% 97% -- -35% 291% 146% -83% -5% -84% -100% 
CO2 19% 4% -38% -24% -38% 99% 41% 1244% -23% 420% 188% -78% -55% -86% -100% 
Montastraea cavernosa: Field collected 12 months post-transplant to Tissue repair Corals from R2 
Control 36% 2% -45% -19% -15% 172% 45% 148% -67% 156% 203% -70% 265% -64% -100% 
N 37% 12% -40% -9% -12% 140% 58% 98% -64% 186% 214% -60% -13% -66% -100% 
P 51% 16% -43% -19% -18% 78% 44% 116% -72% 127% 174% -71% -49% -60% -100% 
N-P 44% 11% -51% -14% -16% 26% 107% -- -72% 202% 196% -78% 43% -63% -100% 
CO2 44% 5% -43% -18% -18% 99% 48% 668% -67% 302% 247% -71% -32% -68% -100% 
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Porites astreoides: Field A, collected 3 months post-transplant to Tissue repair Corals from R1 
Control 75% -33% -32% -6% 8% 6% 820% -- 9% 8% -33% -22% -72% -25% 20% 
N 52% -23% -39% -13% 5% 25% 4326% -- 31% 32% -40% -15% -65% -17% -53% 
P 67% -31% -22% 8% 12% 156% 1043% -- 61% 42% -36% -39% -70% -32% -- 
N-P 60% -21% -33% -3% 10% 71% 1329% -- 28% 25% -52% -24% -62% -15% 44% 
CO2 52% -13% -30% -3% -2% 49% 939% -- 79% 203% -34% -33% -51% -33% -79% 
Porites astreoides: Field B, collected 9 months post-transplant to Tissue repair Corals from R1 
Control 95% -42% -16% -28% -29% 146% 130% -- 28% 65% -11% 2% -48% -32% -88% 
N 69% -33% -26% -34% -31% 192% 1007% -- 55% 101% -21% 11% -35% -25% -95% 
P 86% -40% -4% -17% -26% 498% 186% -- 90% 117% -15% -20% -45% -38% #DIV/0! 
N-P 77% -32% -18% -26% -28% 300% 257% -- 51% 91% -36% -1% -28% -23% -86% 
CO2 69% -25% -14% -26% -36% 247% 160% -- 111% 362% -13% -12% -8% -40% -98% 
Porites astreoides: Field collected 12 months post-transplant to Tissue repair Corals from R1 
Control 145% -15% -19% -22% -33% 182% 302% -- 6% 127% 27% -33% -34% -54% -100% 
N 112% -2% -28% -28% -35% 233% 1836% -- 29% 176% 13% -27% -18% -49% -100% 
P 133% -13% -8% -10% -30% 584% 400% -- 58% 198% 21% -47% -30% -58% -- 
N-P 123% 0% -21% -19% -31% 357% 525% -- 25% 162% -10% -35% -9% -48% -100% 
CO2 112% 10% -16% -19% -39% 296% 355% -- 75% 534% 24% -42% 17% -59% -100% 
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Porites astreoides: Field collected 3 months post-transplant to Tissue repair Corals from R2 
Control 17% -50% -40% -20% -15% -47% 105% -100% -1% 5% -43% -25% -71% -27% -41% 
N 18% -48% -38% -12% -24% -8% 308% -100% 27% 38% -46% -31% -69% -38% 7% 
P 14% -53% -39% -10% -17% -41% 294% -100% 2% -2% -45% -19% -70% -40% 34% 
N-P 38% -51% -40% -13% -12% 7% 400% -- -1% -13% -38% -4% -75% -36% 102% 
CO2 11% -50% -42% -18% -19% -26% 380% -- -12% 0% -50% -11% -71% -36% 16% 
Porites astreoides: Field collected 9 months post-transplant to Tissue repair Corals from R2 
Control 30% -57% -27% -39% -45% 23% -49% -100% 17% 61% -24% -3% -46% -34% -94% 
N 31% -55% -24% -32% -50% 115% 2% -100% 50% 111% -28% -10% -42% -44% -90% 
P 27% -59% -25% -31% -45% 37% -1% -100% 20% 49% -27% 6% -44% -45% -87% 
N-P 53% -58% -26% -33% -42% 149% 25% -- 17% 33% -18% 25% -52% -42% -80% 
CO2 24% -56% -29% -37% -47% 73% 20% -- 3% 52% -33% 17% -46% -42% -89% 
Porites astreoides: Field collected 12 months post-transplant to Tissue repair Corals from R2 
Control 64% -37% -29% -34% -47% 41% -10% -100% -3% 120% 8% -36% -31% -55% -100% 
N 64% -35% -26% -26% -53% 145% 79% -100% 24% 190% 2% -41% -26% -62% -100% 
P 60% -40% -27% -25% -48% 56% 72% -100% 0% 105% 4% -30% -29% -63% -100% 
N-P 92% -38% -28% -27% -45% 185% 119% -- -3% 82% 16% -18% -40% -61% -100% 
CO2 55% -36% -32% -32% -49% 98% 110% -- -14% 109% -5% -24% -31% -61% -100% 
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Montastraea cavernosa. 
Histology. Graphical comparisons of histological metrics between the transplanted corals 
collected at 3, 9, and 12 months post-transplant (Chapter 4) to ex-situ tissue repair corals 
from both experimental runs (Chapter 3) is found in Appendix H. Overall, EP tissue area 
was higher in the field corals, while Lower GD and CD tissue area was higher in the ex-
situ corals. Both Upper GD and Lower GD MI were greater in the field corals. EP mucus 
area percentage tended to be higher in the ex-situ corals, while Upper and Lower GD 
mucus area percentage was consistently greater in the field corals. Amoebocyte density 
was consistently greater in the ex-situ corals. 
Ultrastructure. Zooxanthellae diameter (Fig, 5.1A) in the field coral specimens was not 
significantly different from the elevated N, NP, or CO2 treatments (p=0.1298, p=0.9564, 
and p=0.3512, respectively). However, it was significantly greater than the control 
(p=0.0010) and significantly less than the elevated P treatment (p=0.0054). Accumulation 
body diameter (Fig. 5.1B) in the field was significantly greater than all treatments except 
elevated P (p=0.1080). Starch accumulation (Fig. 5.1C) in the field corals was not 
significantly different from the control or combined NP treatment (p=0.1049 and 
p=0.1688) but was significantly less than other treatments. Lipid accumulation (Fig. 
5.1D) in the field corals was significantly less than all treatments except for the control 
(p=0.1195). Uric acid content (Fig. 5.1E) in the field corals was significantly less than all 
of the ex-situ corals. 
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Figure 5.1: Symbiodinium sp. in Montastraea cavernosa. Comparison of field to ex-situ experimental 
corals (adults). A) Mean diameter (±SE), B) mean accumulation body diameter (±SE), C) mean % 
starch area (±SE), D) mean % lipid area (±SE) and E) mean % uric acid vacuole area (±SE) between 
treatments. Statistical similarity (Mann-Whitney U test, p<0.05) of the ex-situ experimental corals to 
the field corals is indicated by the * above each respective histogram. 
Porites astreoides. 
Histology. Graphical comparisons of histological metrics between the 
transplanted corals collected at 3, 9, and 12 months post-transplant (Chapter 4) to ex-situ 
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tissue repair corals from both experimental runs (Chapter 3) is found in Appendix I. 
Overall, EP tissue area was higher in the field corals while Upper and Lower GD and CD 
tissue area was higher in the ex-situ corals. Mitotic index was greater in the field corals. 
EP mucus area percentage was similar between field and ex-situ corals, but Upper GD 
mucus area percentage was generally higher in the field corals. Pigmented granular 
amoebocyte area percentage was consistently higher overall in the ex-situ corals. 
Ultrastructure. All zooxanthellae metrics in the field corals (Fig. 5.2) were 
significantly different from the adult coral fragments in the ex-situ tissue repair 
experiments. Zooxanthellae diameter, accumulation body diameter, starch and lipid 
accumulation were significantly greater in the field corals than the ex-situ corals. Uric 
acid accumulation was significantly less in the field corals compared to the ex-situ adult 
corals. Therefore, zooxanthellar characteristics from the field corals were also compared 
to the P. astreoides recruit data.  
Zooxanthellae diameter in the field corals was not significantly different from the 
control or NP recruits for R1 (Fig. 5.3A) (p=0.2256 and p=0.4266), but was significantly 
greater than the N, P and CO2 recruits. In R2 (Fig. 5.4A), it was not significantly different 
from the control, N, and P recruits (p=0.5392, p=0.8545, and p=0.2161) but was 
significantly greater than in the NP and CO2 corals. 
Accumulation body diameter in the field corals was not significantly different 
from any of the R1 recruits (Fig. 5.3B). In R2 (Fig. 5.4B), the accumulation body 
diameters in the field corals were significantly less than the N and pCO2 recruits 
(p=0.0109 and p=0.04811).  
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Starch accumulation in the field corals was not significantly different from the 
control, NP and pCO2 recruits (p=0.8158, p=0.5087 and p=0.9975) but was significantly 
less than in the elevated N and P recruits for R1 (Fig. 5.3C) (p=0.0000 and p=0.0027). In 
R2 (Fig. 5.4C), starch accumulation in the field corals was significantly less than in 
elevated N (p=0.0000) and significantly greater than in the control, NP and pCO2 recruits 
(p=0.0000, p=0.0000, and p=0.0001). 
Lipid accumulation in the field corals was significantly less than all of the R1 
recruits (Fig. 5.3D). In R2 (Fig. 5.4D), it was only significantly less than elevated N and 
elevated P recruits (p=0.0000 and p=0.0052). 
Uric acid storage in the field corals was significantly greater than all R1 recruits 
(Fig. 5.3E) except for elevated pCO2 (p=0.1559). In R2 (Fig. 5.4E), the field corals were 
again significantly higher than all except the pCO2 recruits (p=0.3950). 
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Figure 5.2: Symbiodinium sp. in Porites astreoides. Comparison of field to ex-situ experimental corals 
(adults). A) Mean diameter (±SE), B) mean accumulation body diameter (±SE), C) mean % starch 
area (±SE), D) mean % lipid area (±SE) and E) mean % uric acid vacuole area (±SE) between 
treatments. Statistical similarity (Mann-Whitney U test, p<0.05) of the ex-situ experimental corals to 
the field corals is indicated by the * above each respective histogram. 
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Figure 5.3: Symbiodinium sp. in Porites astreoides. Comparison of field to ex-situ experimental corals 
(R1 recruits). A) Mean diameter (±SE), B) mean accumulation body diameter (±SE), C) mean % 
starch area (±SE), D) mean % lipid area (±SE) and E) mean % uric acid vacuole area (±SE) between 
treatments. Statistical similarity (Mann-Whitney U test, p<0.05) of the ex-situ experimental corals to 
the field corals is indicated by the * above each respective histogram. 
 
155 
 
Field Control N P NP CO2
M
e
a
n
 %
 L
ip
id
 A
re
a
 (
µ
m
2
) 
(±
S
E
)
0
2
4
6
8
10
Field Control N P NP CO2
A
c
c
u
m
u
la
ti
o
n
 B
o
d
y
 D
ia
m
e
te
r 
(µ
m
) 
(±
S
E
) 
0
1
2
3
4
5
Field Control N P NP CO2
M
e
a
n
 %
 U
ri
c
 A
c
id
 V
a
c
u
o
le
 (
µ
m
2
) 
(±
S
E
)
0
2
4
6
8
10
Field Control N P NP CO2
M
e
a
n
 %
 S
ta
rc
h
 A
re
a
 (
µ
m
2
) 
(±
S
E
)
0
2
4
6
8
10
12
Field Control N P NP CO2
Z
o
o
xa
n
th
e
lla
e
 D
ia
m
e
te
r 
(µ
m
) 
(±
S
E
) 
0
2
4
6
8
10
12
A B
C D
E
****
* *
*
*
* *
* * * *
*
*
 
Figure 5.4: Symbiodinium sp. in Porites astreoides. Comparison of field to ex-situ experimental corals 
(R2 recruits). A) Mean diameter (±SE), B) mean accumulation body diameter (±SE), C) mean % 
starch area (±SE), D) mean % lipid area (±SE) and E) mean % uric acid vacuole area (±SE) between 
treatments. Statistical similarity (Mann-Whitney U test, p<0.05) of the ex-situ experimental corals to 
the field corals is indicated by the * above each respective histogram. 
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DISCUSSION 
Both significant similarities and differences were found in ultrastructural 
characteristics of Symbiodinium from field corals and ex-situ experimental corals and 
recruits. Overall, carbon accumulation in Symbiodinium from M. cavernosa field corals 
was most similar to the control corals from the ex-situ tissue repair experiment. This 
suggests that the ex-situ control conditions were similar to field conditions. The 
significant difference between the field and corals in elevated nitrate conditions indicates 
that the field corals were likely not exposed to elevated nitrate at the time of collection. 
Uric acid accumulation in the field corals was less than in all of the ex-situ experimental 
corals. As corals may store nitrogen in this form, this indicates that the ex-situ corals are 
likely exposed to greater nitrogen levels overall (probably in the form of ammonium and 
nitrite) than the field specimens. Zooxanthellae diameter was remarkably similar in all 
corals, but accumulation body diameter was less in all of the ex-situ corals compared to 
the field corals, suggesting that the field corals have a slower symbiont cell division rate 
(Cook and D’Elia 1987). Quantitative comparison of histological parameters was less 
conclusive, although a higher gastrodermal mucocyte area percentage in the field corals 
is indicative of a sedimentation response not present in the ex-situ experimental corals 
(Vargas-Angel et al. 2005). The higher amoebocyte density in the ex-situ corals 
compared to the field corals suggests a significant inflammatory response consistent with 
recent experimental injury. Considering that the field corals were also fragmented, albeit 
a minimum of 3 months previously, this difference in amoebocyte population size 
indicates a temporal aspect of phagocytic cell response and recovery. Similar trends in 
terms of mucocyte area percentage and amoebocyte area percentage were observed in P. 
astreoides. 
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In comparing adult P. astreoides from the field and adult corals from the tissue 
repair experiment, zooxanthellae diameter, accumulation body diameter, and starch and 
lipid content were all greater in the field corals than in the ex-situ experimental corals. 
However, uric acid content was less in the field corals compared to the ex-situ corals. The 
reasons for this are unclear; however it is reasonable to assume that, for P. astreoides, the 
ex-situ conditions are substantially different enough from field conditions to significantly 
impact the zooxanthellar metrics of this species (as a similar effect is not observed in M. 
cavernosa). It is also possible that the energetic requirements of wound regeneration are 
such that zooxanthellar growth and division is limited, along with reduced carbon 
accumulation. The comparatively lower uric acid accumulation in the field corals would 
indicate that, as in M. cavernosa, the ex-situ corals were likely exposed to higher nitrogen 
levels.  
Additional comparisons can be made between the adult field P. astreoides and ex-
situ experimental recruits. Patterns of carbon accumulation were somewhat variable, 
although both starch and lipid accumulation in the field corals was consistently 
significantly less than in the ex-situ recruits exposed to elevated nitrate. This indicates 
that the field P. astreoides, like the field M. cavernosa, were not exposed to elevated 
nitrate at the time of collection. Both zooxanthellae diameter and accumulation body 
diameter were similar across all of the corals, suggesting that Symbiodinium growth and 
reproduction are similar in the laboratory recruits and in the field adults.  
From the tissue repair and recruit experiments, a characteristic of exposure to 
elevated CO2 was a greater accumulation of uric acid in the zooxanthellae. Both M. 
cavernosa and P. astreoides adults in the field accumulated significantly less uric acid 
158 
 
than their adult counterparts in the tissue repair experiment, indicating that the field 
corals were exposed to higher pH and lower CO2 than the ex-situ corals (water quality 
data confirms this, J. Stamates, pers. comm.). This may be reflective of the reduced flow 
and mass transfer characteristic present in laboratory aquaria. Conversely, uric acid 
accumulation in field P. astreoides was most similar to that in P. astreoides ex-situ 
recruits exposed to elevated pCO2. The explanation for this is unclear. 
Notably, observations of the transplanted P. astreoides suggest that they were 
under a greater level of general stress from predation and algal overgrowth than M. 
cavernosa. These external factors would exert significant influence on the holobiont and 
the status of the symbiotic relationship, and such factors were certainly not present in the 
laboratory. This may explain the disparities between P. astreoides adults in the field and 
those in the ex-situ tissue repair experiment, considering that similar differences were not 
seen in M. cavernosa exposed to the same conditions. An additional explanation is the 
size difference between the field and ex-situ corals, as the field corals were approximately 
twice the area. As regeneration capacity is positively correlated to increasing colony size 
(Henry and Hart 2005), it follows that the total resources available to the organism are a 
direct result of size, and smaller corals may place higher energy demands on their 
symbionts. 
Overall, the lack of correlation between the nutrient treatments and the field 
observations suggest that the field corals were not exposed to nutrient concentration 
profiles similar to the experimental treatments, particularly elevated nitrate. This is in 
agreement with the offshore nutrient test data from water samples adjacent to the area 
where the field corals were transplanted (J. Stamates, pers. comm.). Consideration of the 
159 
 
experimental results and field results as a whole would also suggest that M. cavernosa 
may be a better test subject for nutrient experimentation, as this species demonstrated 
more consistency between real-world field and laboratory observations.  
Overall, nitrate was found to affect recruits and adults on a similar scale, while 
phosphate and pCO2 affected carbon and nitrogen storage more in recruits compared to 
adults. While nutrients and pCO2 had no mechanistic effect on regeneration at 
histological level, ultrastructural metrics indicate an impact on the mutualistic energy 
exchange between the symbiotic partners, partially decoupling symbiosis. Effects were 
generally found to be greater in P. astreoides compared to M. cavernosa, and the unique 
life history strategy of the subject species and differences in their endosymbiont 
physiology reveal distinct responses to elevated nutrients and pCO2. Although the 
laboratory findings were not necessarily applicable to field observations, they provide 
insight into factors that may influence fragment success in the field. Quantitative 
assessment of the effect of elevated nutrients and pCO2 is thus useful in management 
decisions involving water quality standards, and is essential in the prediction of future 
coral condition and resilience. 
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APPENDIX A: Histological Metrics of Montastraea cavernosa Between Treatments 
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Figure A-1. Montastraea cavernosa. Comparison of histological metrics between treatments. 
Epidermal tissue area (µm
2
)(±SE) A) adjacent to healing front, Run 1; B) adjacent to healing front, 
Run 2; C) >5 mm from healing front, Run 1; and D) >5 mm from healing front, Run 2. Means that 
differ significantly are indicated by different letter groups above each histogram.
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Figure A-2. Montastraea cavernosa. Comparison of histological metrics between treatments. Upper 
gastrodermis tissue area (µm
2
)(±SE) A) adjacent to healing front, Run 1; B) adjacent to healing 
front, Run 2; C) >5 mm from healing front, Run 1; and D) >5 mm from healing front, Run 2. Means 
that differ significantly are indicated by different letter groups above each histogram.  
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Figure A-3. Montastraea cavernosa. Comparison of histological metrics between treatments. Lower 
gastrodermis tissue area (µm
2
)(±SE) A) adjacent to healing front, Run 1; B) adjacent to healing 
front, Run 2; C) >5 mm from healing front, Run 1; and D) >5 mm from healing front, Run 2. Means 
that differ significantly are indicated by different letter groups above each histogram.  
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Figure A-4. Montastraea cavernosa. Comparison of histological metrics between treatments. 
Calicodermal tissue area (µm
2
)(±SE) A) adjacent to healing front, Run 1; B) adjacent to healing 
front, Run 2; C) >5 mm from healing front, Run 1; and D) >5 mm from healing front, Run 2. Means 
that differ significantly are indicated by different letter groups above each histogram. 
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Figure A-5. Montastraea cavernosa. Comparison of histological metrics between treatments. 
Epidermal mucus area % (µm
2
)(±SE) A) adjacent to healing front, Run 1; B) adjacent to healing 
front, Run 2; C) >5 mm from healing front, Run 1; and D) >5 mm from healing front, Run 2. Means 
that differ significantly are indicated by different letter groups above each histogram. 
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Figure A-6. Montastraea cavernosa. Comparison of histological metrics between treatments. Upper 
gastrodermis mucus area % (µm
2
)(±SE) A) adjacent to healing front, Run 1; B) adjacent to healing 
front, Run 2; C) >5 mm from healing front, Run 1; and D) >5 mm from healing front, Run 2. Means 
that differ significantly are indicated by different letter groups above each histogram.  
U
p
p
e
r 
G
a
s
tr
o
d
e
rm
is
 M
u
c
o
u
s
 A
re
a
 %
 (
u
m
2
) 
(±
S
E
):
 >
5
 m
m
 f
ro
m
 h
e
a
lin
g
 f
ro
n
t
-40
-20
0
20
40
U
p
p
e
r 
G
a
s
tr
o
d
e
rm
is
 M
u
c
o
u
s
 A
re
a
 %
 (
u
m
2
) 
(±
S
E
):
 a
d
ja
c
e
n
t 
to
 h
e
a
lin
g
 f
ro
n
t
-40
-20
0
20
40
0
20
40
0
20
40
Control
N
P
N-P
CO2 
12 hr 1 D 2 D 4 D 6 D 8 D 10 D 12 D 14 D
10 D 12 D 14 D
10 D 14 D
A
A
A
A
A
A
A
A
A
A
A
AA
A
A
A
A
A A AA
A
A A
A
A
B
0
20
40
0
20
40
Control
N
P
N-P
CO2 
12 hr 1 D 2 D 4 D 6 D 8 D 10 D 12 D 14 D
10 D 12 D 14 D
10 D 14 D
AA
A
A A A A
A
A
A A
AA A
A
A A,BA A
A,BA,B
B
A
A
A
C
D
188 
 
 
Figure A-7. Montastraea cavernosa. Comparison of histological metrics between treatments. Lower 
gastrodermis mucus area % (µm
2
)(±SE) A) adjacent to healing front, Run 1; B) adjacent to healing 
front, Run 2; C) >5 mm from healing front, Run 1; and D) >5 mm from healing front, Run 2. Means 
that differ significantly are indicated by different letter groups above each histogram. 
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Figure A-8. Montastraea cavernosa. Comparison of histological metrics between treatments. Upper 
gastrodermis gland cell area % (µm
2
)(±SE) A) adjacent to healing front, Run 1; B) adjacent to 
healing front, Run 2; C) >5 mm from healing front, Run 1; and D) >5 mm from healing front, Run 2.  
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Figure A-9. Montastraea cavernosa. Comparison of histological metrics between treatments. Lower 
gastrodermis gland cell area % (µm
2
)(±SE) A) adjacent to healing front, Run 1; B) adjacent to 
healing front, Run 2; C) >5 mm from healing front, Run 1; and D) >5 mm from healing front, Run 2. 
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Figure A-10. Montastraea cavernosa. Comparison of histological metrics between treatments. Upper 
gastrodermis, zooxanthellae per 100 µm
2
 (±SE) A) adjacent to healing front, Run 1; B) adjacent to 
healing front, Run 2; C) >5 mm from healing front, Run 1; and D) >5 mm from healing front, Run 2. 
Means that differ significantly are indicated by different letter groups above each histogram. 
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Figure A-11. Montastraea cavernosa. Comparison of histological metrics between treatments. Lower 
gastrodermis, zooxanthellae per 100 µm
2
 (±SE) A) adjacent to healing front, Run 1; B) adjacent to 
healing front, Run 2; C) >5 mm from healing front, Run 1; and D) >5 mm from healing front, Run 2. 
Means that differ significantly are indicated by different letter groups above each histogram. 
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Figure A-12. Montastraea cavernosa. Comparison of histological metrics between treatments. Upper 
gastrodermis mitotic index (±SE) A) adjacent to healing front, Run 1; B) adjacent to healing front, 
Run 2; C) >5 mm from healing front, Run 1; and D) >5 mm from healing front, Run 2. 
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Figure A-13. Montastraea cavernosa. Comparison of histological metrics between treatments. Lower 
gastrodermis mitotic index (±SE) A) adjacent to healing front, Run 1; B) adjacent to healing front, 
Run 2; C) >5 mm from healing front, Run 1; and D) >5 mm from healing front, Run 2.  
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Figure A-14. Montastraea cavernosa. Comparison of histological metrics between treatments. Upper 
gastrodermis, amoebocytes per 100 µm
2
 (±SE) A) adjacent to healing front, Run 1; B) adjacent to 
healing front, Run 2; C) >5 mm from healing front, Run 1; and D) >5 mm from healing front, Run 2.  
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Figure A-15. Montastraea cavernosa. Comparison of histological metrics between treatments. Lower 
gastrodermis, amoebocytes per 100 µm
2
 (±SE) A) adjacent to healing front, Run 1; B) adjacent to 
healing front, Run 2; C) >5 mm from healing front, Run 1; and D) >5 mm from healing front, Run 2.  
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APPENDIX B: Histological Metrics of Montastraea cavernosa Within Treatments 
Over Time. 
198 
 
Figure B-1. Montastraea cavernosa. Control, adjacent to healing front. Comparison of histological 
metrics between post-injury collection times. A) Epidermal tissue area (µm
2
), Run 1 and B) Run 2; 
C) Upper Gastrodermis tissue area (µm
2
) Run 1 and D) Run 2; E) Lower Gastrodermis tissue area 
(µm
2
), Run 1 and F) Run 2; G) Calicodermal tissue area (µm
2
), Run 1 and H) Run 2. 
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Figure B-2. Montastraea cavernosa. Control, adjacent to healing front. Comparison of histological 
metrics between post-injury collection times. A) Upper gastrodermis, zooxanthellae per 100 µm
2
, 
Run 1 and B) Run 2; C) Upper gastrodermis mitotic index, Run 1 and D) Run 2; E) Lower 
gastrodermis, zooxanthellae per 100 µm
2
, Run 1 and F) Run 2; G) Lower gastrodermis mitotic index, 
Run 1 and H) Run 2.  
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Figure B-3. Montastraea cavernosa. Control, adjacent to healing front. Comparison of histological 
metrics between post-injury collection times. A) Epidermal mucus area % (µm
2
), Run 1 and B) Run 
2; C) Upper gastrodermis mucus area %, Run 1 and D) Run 2; E) Lower gastrodermis mucus area 
%, Run 1 and F) Run 2. 
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Figure B-4. Montastraea cavernosa. Control, adjacent to healing front. Comparison of histological 
metrics between post-injury collection times. A) Upper gastrodermis, amoebocytes per 100 µm
2
, Run 
1 and B) Run 2; C) Lower gastrodermis, amoebocytes per 100 µm
2
, Run 1 and D) Run 2; E) Upper 
gastrodermis, gland cell area % (µm
2
), Run 1 and F) Run 2; G) Lower gastrodermis, gland cell area 
% (µm
2
), Run 1 and H) Run 2. 
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Figure B-5. Montastraea cavernosa. Control, >5 mm from healing front. Comparison of histological 
metrics between post-injury collection times. A) Epidermal tissue area (µm
2
), Run 1 and B) Run 2; 
C) Upper Gastrodermis tissue area (µm
2
) Run 1 and D) Run 2; E) Lower Gastrodermis tissue area 
(µm
2
), Run 1 and F) Run 2; G) Calicodermal tissue area (µm
2
), Run 1 and H) Run 2). 
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Figure B-6. Montastraea cavernosa. Control, >5 mm from healing front. Comparison of histological 
metrics between post-injury collection times. A) Upper gastrodermis, zooxanthellae per 100 µm
2
, 
Run 1 and B) Run 2; C) Upper gastrodermis mitotic index, Run 1 and D) Run 2; E) Lower 
gastrodermis, zooxanthellae per 100 µm
2
, Run 1 and F) Run 2; G) Lower gastrodermis mitotic index, 
Run 1 and H) Run 2. 
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Figure B-7. Montastraea cavernosa. Control, >5 mm from healing front. Comparison of histological 
metrics between post-injury collection times. A) Epidermal mucus area % (µm
2
), Run 1 and B) Run 
2; C) Upper gastrodermis mucus area %, Run 1 and D) Run 2; E) Lower gastrodermis mucus area 
%, Run 1 and F) Run 2. 
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Figure B-8. Montastraea cavernosa. Control, >5 mm from healing front. Comparison of histological 
metrics between post-injury collection times. A) Upper gastrodermis, amoebocytes per 100 µm
2
, Run 
1 and B) Run 2; C) Lower gastrodermis, amoebocytes per 100 µm
2
, Run 1 and D) Run 2; E) Upper 
gastrodermis, gland cell area % (µm
2
), Run 1 and F) Run 2; G) Lower gastrodermis, gland cell area 
% (µm
2
), Run 1 and H) Run 2. 
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Figure B-9. Montastraea cavernosa. Nitrate, adjacent to healing front. Comparison of histological 
metrics between post-injury collection times. A) Epidermal tissue area (µm
2
), Run 1 and B) Run 2; 
C) Upper gastrodermis tissue area (µm
2
) Run 1 and D) Run 2; E) Lower gastrodermis tissue area 
(µm
2
), Run 1 and F) Run 2; G) Calicodermal tissue area (µm
2
), Run 1 and H) Run 2.) 
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Figure B-10. Montastraea cavernosa. Nitrate, adjacent to healing front. Comparison of histological 
metrics between post-injury collection times. A) Upper gastrodermis, zooxanthellae per 100 µm
2
, 
Run 1 and B) Run 2; C) Upper gastrodermis mitotic index, Run 1 and D) Run 2; E) Lower 
gastrodermis, zooxanthellae per 100 µm
2
, Run 1 and F) Run 2; G) Lower gastrodermis mitotic index, 
Run 1 and H) Run 2.  
208 
 
 
Figure B-11. Montastraea cavernosa. Nitrate, adjacent to healing front Comparison of histological 
metrics between post-injury collection times. A) Epidermal mucus area % (µm
2
), Run 1 and B) Run 
2; C) Upper gastrodermis mucus area %, Run 1 and D) Run 2; E) Lower gastrodermis mucus area 
%, Run 1 and F) Run 2. 
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Figure B-12. Montastraea cavernosa. Nitrate, adjacent to healing front. Comparison of histological 
metrics between post-injury collection times. A) Upper gastrodermis, amoebocytes per 100 µm
2
, Run 
1 and B) Run 2; C) Lower gastrodermis, amoebocytes per 100 µm
2
, Run 1 and D) Run 2; E) Upper 
gastrodermis, gland cell area % (µm
2
), Run 1 and F) Run 2; G) Lower gastrodermis, gland cell area 
% (µm
2
), Run 1 and H) Run 2. 
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Figure B-13. Montastraea cavernosa. Nitrate, >5 mm from healing front. Comparison of histological 
metrics between post-injury collection times. A) Epidermal tissue area (µm
2
), Run 1 and B) Run 2; 
C) Upper gastrodermis tissue area (µm
2
) Run 1 and D) Run 2; E) Lower gastrodermis tissue area 
(µm
2
), Run 1 and F) Run 2; G) Calicodermal tissue area (µm
2
), Run 1 and H) Run 2). 
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Figure B-14. Montastraea cavernosa. Nitrate, >5 mm from healing front. Comparison of histological 
metrics between post-injury collection times. A) Upper gastrodermis, zooxanthellae per 100 µm
2
, 
Run 1 and B) Run 2; C) Upper gastrodermis mitotic index, Run 1 and D) Run 2; E) Lower 
gastrodermis, zooxanthellae per 100 µm
2
, Run 1 and F) Run 2; G) Lower gastrodermis mitotic index, 
Run 1 and H) Run 2.  
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Figure B-15. Montastraea cavernosa. Nitrate, >5 mm from healing front. Comparison of histological 
metrics between post-injury collection times. A) Epidermal mucus area % (µm
2
), Run 1 and B) Run 
2; C) Upper gastrodermis mucus area %, Run 1 and D) Run 2; E) Lower gastrodermis mucus area 
%, Run 1 and F) Run 2. 
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Figure B-16. Montastraea cavernosa. Nitrate, >5 mm from healing front. Comparison of histological 
metrics between post-injury collection times. A) Upper gastrodermis, amoebocytes per 100 µm
2
, Run 
1 and B) Run 2; C) Lower gastrodermis, amoebocytes per 100 µm
2
, Run 1 and D) Run 2; E) Upper 
gastrodermis, gland cell area % (µm
2
), Run 1 and F) Run 2; G) Lower gastrodermis, gland cell area 
% (µm
2
), Run 1 and H) Run 2. 
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Figure B-17. Montastraea cavernosa. Phosphate, adjacent to healing front. Comparison of histological 
metrics between post-injury collection times. A) Epidermal tissue area (µm
2
), Run 1 and B) Run 2; 
C) Upper gastrodermis tissue area (µm
2
) Run 1 and D) Run 2; E) Lower gastrodermis tissue area 
(µm
2
), Run 1 and F) Run 2; G) Calicodermal tissue area (µm
2
), Run 1 and H) Run 2. 
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Figure B-18. Montastraea cavernosa. Phosphate, adjacent to healing front. Comparison of histological 
metrics between post-injury collection times. A) Upper gastrodermis, zooxanthellae per 100 µm
2
, 
Run 1 and B) Run 2; C) Upper gastrodermis mitotic index, Run 1 and D) Run 2; E) Lower 
gastrodermis, zooxanthellae per 100 µm
2
, Run 1 and F) Run 2; G) Lower gastrodermis mitotic index, 
Run 1 and H) Run 2. 
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Figure B-19. Montastraea cavernosa. Phosphate, adjacent to healing front. Comparison of histological 
metrics between post-injury collection times. A) Epidermal mucus area % (µm
2
), Run 1 and B) Run 
2; C) Upper gastrodermis mucus area %, Run 1 and D) Run 2; E) Lower gastrodermis mucus area 
%, Run 1 and F) Run 2. 
217 
 
 
Figure B-20. Montastraea cavernosa. Phosphate, adjacent to healing front. Comparison of histological 
metrics between post-injury collection times. A) Upper gastrodermis, amoebocytes per 100 µm
2
, Run 
1 and B) Run 2; C) Lower gastrodermis, amoebocytes per 100 µm
2
, Run 1 and D) Run 2; E) Upper 
gastrodermis, gland cell area % (µm
2
), Run 1 and F) Run 2; G) Lower gastrodermis, gland cell area 
% (µm
2
), Run 1 and H) Run 2. 
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Figure B-21. Montastraea cavernosa. Phosphate, >5 mm from healing front. Comparison of 
histological metrics between post-injury collection times. A) Epidermal tissue area (µm
2
), Run 1 and 
B) Run 2; C) Upper gastrodermis tissue area (µm
2
) Run 1 and D) Run 2; E) Lower gastrodermis 
tissue area (µm
2
), Run 1 and F) Run 2; G) Calicodermal tissue area (µm
2
), Run 1 and H) Run 2. 
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Figure B-22. Montastraea cavernosa. Phosphate, >5 mm from healing front. Comparison of 
histological metrics between post-injury collection times. A) Upper gastrodermis, zooxanthellae per 
100 µm
2
, Run 1 and B) Run 2; C) Upper gastrodermis mitotic index, Run 1 and D) Run 2; E) Lower 
gastrodermis, zooxanthellae per 100 µm
2
, Run 1 and F) Run 2; G) Lower gastrodermis mitotic index, 
Run 1 and H) Run 2. 
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Figure B-23. Montastraea cavernosa. Phosphate, >5 mm from healing front. Comparison of 
histological characteristics between post-injury collection times. A) Epidermal mucus area % (µm
2
), 
Run 1 and B) Run 2; C) Upper gastrodermis mucus area %, Run 1 and D) Run 2; E) Lower 
gastrodermis mucus area %, Run 1 and F) Run 2. 
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Figure B-24. Montastraea cavernosa. Phosphate, >5 mm from healing front. Comparison of 
histological metrics between post-injury collection times. A) Upper gastrodermis, amoebocytes per 
100 µm
2
, Run 1 and B) Run 2; C) Lower gastrodermis, amoebocytes per 100 µm
2
, Run 1 and D) Run 
2; E) Upper gastrodermis, gland cell area % (µm
2
), Run 1 and F) Run 2; G) Lower gastrodermis, 
gland cell area % (µm
2
), Run 1 and H) Run 2. 
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Figure B-25. Montastraea cavernosa. Nitrate/Phosphate, adjacent to healing front. Comparison of 
histological metrics between post-injury collection times. A) Epidermal tissue area (µm
2
), Run 1 and 
B) Run 2; C) Upper gastrodermis tissue area (µm
2
) Run 1 and D) Run 2; E) Lower gastrodermis 
tissue area (µm
2
), Run 1 and F) Run 2; G) Calicodermal tissue area (µm
2
), Run 1 and H) Run 2. 
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Figure B-26. Montastraea cavernosa. Nitrate/Phosphate, adjacent to healing front. Comparison of 
histological metrics between post-injury collection times. A) Upper gastrodermis, zooxanthellae per 
100 µm
2
, Run 1 and B) Run 2; C) Upper gastrodermis mitotic index, Run 1 and D) Run 2; E) Lower 
gastrodermis, zooxanthellae per 100 µm
2
, Run 1 and F) Run 2; G) Lower gastrodermis mitotic index, 
Run 1 and H) Run 2. 
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Figure B-27. Montastraea cavernosa. Nitrate/Phosphate, adjacent to healing front. Comparison of 
histological metrics between post-injury collection times. A) Epidermal mucus area % (µm
2
), Run 1 
and B) Run 2; C) Upper gastrodermis mucus area %, Run 1 and D) Run 2; E) Lower gastrodermis 
mucus area %, Run 1 and F) Run 2. 
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Figure B-28. Montastraea cavernosa. Nitrate/Phosphate, adjacent to healing front. Comparison of 
histological metrics between post-injury collection times. A) Upper gastrodermis, amoebocytes per 
100 µm
2
, Run 1 and B) Run 2; C) Lower gastrodermis, amoebocytes per 100 µm
2
, Run 1 and D) Run 
2; E) Upper gastrodermis, gland cell area % (µm
2
), Run 1 and F) Run 2; G) Lower gastrodermis, 
gland cell area % (µm
2
), Run 1 and H) Run 2. 
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Figure B-29. Montastraea cavernosa. Nitrate/Phosphate, >5 mm from healing front. Comparison of 
histological metrics between post-injury collection times. A) Epidermal tissue area (µm
2
), Run 1 and 
B) Run 2; C) Upper gastrodermis tissue area (µm
2
) Run 1 and D) Run 2; E) Lower gastrodermis 
tissue area (µm
2
), Run 1 and F) Run 2; G) Calicodermal tissue area (µm
2
), Run 1 and H) Run 2. 
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Figure B-30. Montastraea cavernosa. Nitrate/Phosphate, >5 mm from healing front. Comparison of 
histological metrics between post-injury collection times. A) Upper gastrodermis, zooxanthellae per 
100 µm
2
, Run 1 and B) Run 2; C) Upper gastrodermis mitotic index, Run 1 and D) Run 2; E) Lower 
gastrodermis, zooxanthellae per 100 µm
2
, Run 1 and F) Run 2; G) Lower gastrodermis mitotic index, 
Run 1 and H) Run 2. 
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Figure B-31. Montastraea cavernosa. Nitrate/Phosphate, >5 mm from healing front. Comparison of 
histological metrics between post-injury collection times. A) Epidermal mucus area % (µm
2
), Run 1 
and B) Run 2; C) Upper gastrodermis mucus area %, Run 1 and D) Run 2; E) Lower gastrodermis 
mucus area %, Run 1 and F) Run 2. 
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Figure B-32. Montastraea cavernosa. Nitrate/Phosphate, >5 mm from healing front. Comparison of 
histological metrics between post-injury collection times. A) Upper gastrodermis, amoebocytes per 
100 µm
2
, Run 1 and B) Run 2; C) Lower gastrodermis, amoebocytes per 100 µm
2
, Run 1 and D) Run 
2; E) Upper gastrodermis, gland cell area % (µm
2
), Run 1 and F) Run 2; G) Lower gastrodermis, 
gland cell area % (µm
2
), Run 1 and H) Run 2. 
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Figure B-33. Montastraea cavernosa. CO2, adjacent to healing front. Comparison of histological 
metrics between post-injury collection times. A) Epidermal tissue area (µm
2
), Run 1 and B) Run 2; 
C) Upper gastrodermis tissue area (µm
2
) Run 1 and D) Run 2; E) Lower gastrodermis tissue area 
(µm
2
), Run 1 and F) Run 2; G) Calicodermal tissue area (µm
2
), Run 1 and H) Run 2. 
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Figure B-34. Montastraea cavernosa. CO2, adjacent to healing front. Comparison of histological 
metrics between post-injury collection times. A) Upper gastrodermis, zooxanthellae per 100 µm
2
, 
Run 1 and B) Run 2; C) Upper gastrodermis mitotic index, Run 1 and D) Run 2; E) Lower 
gastrodermis, zooxanthellae per 100 µm
2
, Run 1 and F) Run 2; G) Lower gastrodermis mitotic index, 
Run 1 and H) Run 2. 
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Figure B-35. Montastraea cavernosa. CO2, adjacent to healing front. Comparison of histological 
metrics between post-injury collection times. A) Epidermal mucus area % (µm
2
), Run 1 and B) Run 
2; C) Upper gastrodermis mucus area %, Run 1 and D) Run 2; E) Lower gastrodermis mucus area 
%, Run 1 and F) Run 2. 
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Figure B-36. Montastraea cavernosa. CO2, adjacent to healing front. Comparison of histological 
metrics between post-injury collection times. A) Upper gastrodermis, amoebocytes per 100 µm
2
, Run 
1 and B) Run 2; C) Lower gastrodermis, amoebocytes per 100 µm
2
, Run 1 and D) Run 2; E) Upper 
gastrodermis, gland cell area % (µm
2
), Run 1 and F) Run 2; G) Lower gastrodermis, gland cell area 
% (µm
2
), Run 1 and H) Run 2. 
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Figure B-37. Montastraea cavernosa. CO2, >5 mm from healing front. Comparison of histological 
metrics between post-injury collection times. A) Epidermal tissue area (µm
2
), Run 1 and B) Run 2; 
C) Upper gastrodermis tissue area (µm
2
) Run 1 and D) Run 2; E) Lower gastrodermis tissue area 
(µm
2
), Run 1 and F) Run 2; G) Calicodermal tissue area (µm
2
), Run 1 and H) Run 2. 
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Figure B-38. Montastraea cavernosa. CO2, >5 mm from healing front. Comparison of histological 
metrics between post-injury collection times. A) Upper gastrodermis, zooxanthellae per 100 µm
2
, 
Run 1 and B) Run 2; C) Upper gastrodermis mitotic index, Run 1 and D) Run 2; E) Lower 
gastrodermis, zooxanthellae per 100 µm
2
, Run 1 and F) Run 2; G) Lower gastrodermis mitotic index, 
Run 1 and H) Run 2. 
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Figure B-39. Montastraea cavernosa. CO2, >5 mm from healing front. Comparison of histological 
metrics between post-injury collection times. A) Epidermal mucus area % (µm
2
), Run 1 and B) Run 
2; C) Upper gastrodermis mucus area %, Run 1 and D) Run 2; E) Lower gastrodermis mucus area 
%, Run 1 and F) Run 2. 
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Figure B-40. Montastraea cavernosa. CO2, >5 mm from healing front. Comparison of histological 
metrics between post-injury collection times. A) Upper gastrodermis, amoebocytes per 100 µm
2
, Run 
1 and B) Run 2; C) Lower gastrodermis, amoebocytes per 100 µm
2
, Run 1 and D) Run 2; E) Upper 
gastrodermis, gland cell area % (µm
2
), Run 1 and F) Run 2; G) Lower gastrodermis, gland cell area 
% (µm
2
), Run 1 and H) Run 2.  
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APPENDIX C: Histological Metrics of Montastraea cavernosa Within Treatments 
and Between Cell Count Regions 
239 
 
 
Figure C-1. Montastraea cavernosa. Control. Comparison of histological metrics between cell count 
regions at each time period. A) Epidermal tissue area (µm
2
), Run 1 and B) Run 2; C) Upper 
gastrodermis tissue area (µm
2
) Run 1 and D) Run 2; E) Lower gastrodermis tissue area (µm
2
), Run 1 
and F) Run 2; G) Calicodermal tissue area (µm
2
), Run 1 and H) Run 2. 
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Figure C-2. Montastraea cavernosa. Control. Comparison of histological metrics between cell count 
regions at each time period. A) Upper gastrodermis, zooxanthellae per 100 µm
2
, Run 1 and B) Run 2; 
C) Upper gastrodermis mitotic index, Run 1 and D) Run 2; E) Lower gastrodermis, zooxanthellae 
per 100 µm
2
, Run 1 and F) Run 2; G) Lower gastrodermis mitotic index, Run 1 and H) Run 2. 
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Figure C-3. Montastraea cavernosa. Control. Comparison of histological metrics between cell count 
regions at each time period. A) Epidermal mucus area % (µm
2
), Run 1 and B) Run 2; C) Upper 
gastrodermis mucus area %, Run 1 and D) Run 2; E) Lower gastrodermis mucus area %, Run 1 and 
F) Run 2. 
242 
 
  
Figure C-4. Montastraea cavernosa. Control. Comparison of histological metrics between cell count 
regions at each time period. A) Upper gastrodermis, amoebocytes per 100 µm
2
, Run 1 and B) Run 2; 
C) Lower gastrodermis, amoebocytes per 100 µm
2
, Run 1 and D) Run 2; E) Upper gastrodermis, 
gland cell area % (µm
2
), Run 1 and F) Run 2; G) Lower gastrodermis, gland cell area % (µm
2
), Run 
1 and H) Run 2. 
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Figure C-5. Montastraea cavernosa. Nitrate. Comparison of histological metrics between cell count 
regions at each time period. A) Epidermal tissue area (µm
2
), Run 1 and B) Run 2; C) Upper 
gastrodermis tissue area (µm
2
) Run 1 and D) Run 2; E) Lower gastrodermis tissue area (µm
2
), Run 1 
and F) Run 2; G) Calicodermal tissue area (µm
2
), Run 1 and H) Run 2. 
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Figure C-6. Montastraea cavernosa. Nitrate. Comparison of histological metrics between cell count 
regions at each time period. A) Upper gastrodermis, zooxanthellae per 100 µm
2
, Run 1 and B) Run 2; 
C) Upper gastrodermis mitotic index, Run 1 and D) Run 2; E) Lower gastrodermis, zooxanthellae 
per 100 µm
2
, Run 1 and F) Run 2; G) Lower gastrodermis mitotic index, Run 1 and H) Run 2. 
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Figure C-7. Montastraea cavernosa. Nitrate. Comparison of histological metrics between cell count 
regions at each time period. A) Epidermal mucus area % (µm
2
), Run 1 and B) Run 2; C) Upper 
gastrodermis mucus area %, Run 1 and D) Run 2; E) Lower gastrodermis mucus area %, Run 1 and 
F) Run 2. 
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Figure C-8. Montastraea cavernosa. Nitrate. Comparison of histological metrics between cell count 
regions at each time period. A) Upper gastrodermis, amoebocytes per 100 µm
2
, Run 1 and B) Run 2; 
C) Lower gastrodermis, amoebocytes per 100 µm
2
, Run 1 and D) Run 2; E) Upper gastrodermis, 
gland cell area % (µm
2
), Run 1 and F) Run 2; G) Lower gastrodermis, gland cell area % (µm
2
), Run 
1 and H) Run 2. 
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Figure C-9. Montastraea cavernosa. Phosphate. Comparison of histological metrics between cell count 
regions at each time period. A) Epidermal tissue area (µm
2
), Run 1 and B) Run 2; C) Upper 
gastrodermis tissue area (µm
2
) Run 1 and D) Run 2; E) Lower gastrodermis tissue area (µm
2
), Run 1 
and  F) Run 2; G) Calicodermal tissue area (µm
2
), Run 1 and H) Run 2. 
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Figure C-10. Montastraea cavernosa. Phosphate. Comparison of histological metrics between cell 
count regions at each time period. A) Upper gastrodermis, zooxanthellae per 100 µm
2
, Run 1 and B) 
Run 2; C) Upper gastrodermis mitotic index, Run 1 and D) Run 2; E) Lower gastrodermis, 
zooxanthellae per 100 µm
2
, Run 1 and F) Run 2; G) Lower gastrodermis mitotic index, Run 1 and H) 
Run 2. 
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Figure C-11. Montastraea cavernosa. Phosphate. Comparison of histological metrics between cell 
count regions at each time period. A) Epidermal mucus area % (µm
2
), Run 1 and B) Run 2; C) 
Upper gastrodermis mucus area %, Run 1 and D) Run 2; E) Lower gastrodermis mucus area %, 
Run 1  and  F) Run 2. 
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Figure C-12. Montastraea cavernosa. Phosphate. Comparison of histological metrics between cell 
count regions at each time period. A) Upper gastrodermis, amoebocytes per 100 µm
2
, Run 1 and B) 
Run 2; C) Lower gastrodermis, amoebocytes per 100 µm
2
, Run 1 and D) Run 2; E) Upper 
gastrodermis, gland cell area % (µm
2
), Run 1 and F) Run 2; G) Lower gastrodermis, gland cell area 
% (µm
2
), Run 1 and H) Run 2. 
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Figure C-13. Montastraea cavernosa. Nitrate-Phosphate. Comparison of histological metrics between 
cell count regions at each time period. A) Epidermal tissue area (µm
2
), Run 1 and B) Run 2; C) 
Upper gastrodermis tissue area (µm
2
) Run 1 and D) Run 2; E) Lower gastrodermis tissue area (µm
2
), 
Run 1 and F) Run 2; G) Calicodermal tissue area (µm
2
), Run 1 and H) Run 2. 
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Figure C-14. Montastraea cavernosa. Nitrate-Phosphate. Comparison of histological metrics between 
cell count regions at each time period. A) Upper gastrodermis, zooxanthellae per 100 µm
2
, Run 1 and 
B) Run 2; C) Upper gastrodermis mitotic index, Run 1 and D) Run 2; E) Lower gastrodermis, 
zooxanthellae per 100 µm
2
, Run 1 and F) Run 2; G) Lower gastrodermis mitotic index, Run 1 and H) 
Run 2. 
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Figure C-15. Montastraea cavernosa. Nitrate-Phosphate. Comparison of histological metrics between 
cell count regions at each time period. A) Epidermal mucus area % (µm
2
), Run 1 and B) Run 2; C) 
Upper gastrodermis mucus area %, Run 1 and D) Run 2; E) Lower gastrodermis mucus area %, 
Run 1 and F) Run 2. 
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Figure C-16. Montastraea cavernosa. Nitrate-Phosphate. Comparison of histological metrics between 
cell count regions at each time period . A) Upper gastrodermis, amoebocytes per 100 µm
2
, Run 1 and 
B) Run 2; C) Lower gastrodermis, amoebocytes per 100 µm
2
, Run 1 and D) Run 2; E) Upper 
gastrodermis, gland cell area % (µm
2
), Run 1 and F) Run 2; G) Lower gastrodermis, gland cell area 
% (µm
2
), Run 1 and H) Run 2. 
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Figure C-17. Montastraea cavernosa. CO2. Comparison of histological metrics between cell count 
regions at each time period. A) Epidermal tissue area (µm
2
), Run 1 and B) Run 2; C) Upper 
gastrodermis tissue area (µm
2
) Run 1 and D) Run 2; E) Lower gastrodermis tissue area (µm
2
), Run 1 
and  F) Run 2; G) Calicodermal tissue area (µm
2
), Run 1 and H) Run 2. 
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Figure C-18. Montastraea cavernosa. CO2. Comparison of histological metrics between cell count 
regions at each time period. A) Upper gastrodermis, zooxanthellae per 100 µm
2
, Run 1 and B) Run 2; 
C) Upper gastrodermis mitotic index, Run 1 and D) Run 2; E) Lower gastrodermis, zooxanthellae 
per 100 µm
2
, Run 1 and F) Run 2; G) Lower gastrodermis mitotic index, Run 1 and H) Run 2. 
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Figure C-19. Montastraea cavernosa. CO2. Comparison of histological metrics between cell count 
regions at each time period. A) Epidermal mucus area % (µm
2
), Run 1 and B) Run 2; C) Upper 
gastrodermis mucus area %, Run 1 and D) Run 2; E) Lower gastrodermis mucus area %, Run 1 and  
F) Run 2. 
258 
 
 
Figure C-20. Montastraea cavernosa. CO2. Comparison of histological metrics between cell count 
regions at each time period. A) Upper gastrodermis, amoebocytes per 100 µm
2
, Run 1 and B) Run 2; 
C) Lower gastrodermis, amoebocytes per 100 µm
2
, Run 1 and D) Run 2; E) Upper gastrodermis, 
gland cell area % (µm
2
), Run 1 and F) Run 2; G) Lower gastrodermis, gland cell area % (µm
2
), Run 
1 and H) Run 2.  
259 
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Figure D-1. Porites astreoides. Comparison of histological metrics between treatments. Epidermal 
tissue area (µm
2
)(±SE) A) adjacent to healing front, Run 1; B) adjacent to healing front, Run 2; C) >5 
mm from healing front, Run 1; and D) >5 mm from healing front, Run 2. Means that differ 
significantly are indicated by different letter groups above each histogram. 
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Figure D-2. Porites astreoides. Comparison of histological metrics between treatments. Upper 
gastrodermis tissue area (µm
2
)(±SE) A) adjacent to healing front, Run 1; B) adjacent to healing 
front, Run 2; C) >5 mm from healing front, Run 1; and D) >5 mm from healing front, Run 2. Means 
that differ significantly are indicated by different letter groups above each histogram. 
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Figure D-3. Porites astreoides. Comparison of histological metrics between treatments. Lower 
gastrodermis tissue area (µm
2
)(±SE) A) adjacent to healing front, Run 1; B) adjacent to healing 
front, Run 2; C) >5 mm from healing front, Run 1; and D) >5 mm from healing front, Run 2. Means 
that differ significantly are indicated by different letter groups above each histogram. 
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Figure D-5. Porites astreoides. Comparison of histological metrics between treatments. Calicodermal 
tissue area (µm
2
)(±SE) A) adjacent to healing front, Run 1; B) adjacent to healing front, Run 2; C) >5 
mm from healing front, Run 1; and D) >5 mm from healing front, Run 2. Means that differ 
significantly are indicated by different letter groups above each histogram. 
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Figure D-6. Porites astreoides. Comparison of histological metrics between treatments. Epidermal 
mucus area % (µm
2
)(±SE) A) adjacent to healing front, Run 1; B) adjacent to healing front, Run 2; 
C) >5 mm from healing front, Run 1; and D) >5 mm from healing front, Run 2. Means that differ 
significantly are indicated by different letter groups above each histogram. 
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Figure D-7. Porites astreoides. Comparison of histological metrics between treatments. Upper 
gastrodermis mucus area % (µm
2
)(±SE) A) adjacent to healing front, Run 1; B) adjacent to healing 
front, Run 2; C) >5 mm from healing front, Run 1; and D) >5 mm from healing front, Run 2. Means 
that differ significantly are indicated by different letter groups above each histogram. 
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Figure D-8. Porites astreoides. Comparison of histological metrics between treatments. Lower 
gastrodermis mucus area % (µm
2
)(±SE) A) adjacent to healing front, Run 1; B) adjacent to healing 
front, Run 2; C) >5 mm from healing front, Run 1; and D) >5 mm from healing front, Run 2. Means 
that differ significantly are indicated by different letter groups above each histogram. 
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Figure D-9. Porites astreoides. Comparison of histological metrics between treatments. Calicodermal 
mucus area % (µm
2
)(±SE) A) adjacent to healing front, Run 1; B) adjacent to healing front, Run 2; 
C) >5 mm from healing front, Run 1; and D) >5 mm from healing front, Run 2. 
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Figure D-10. Porites astreoides. Comparison of histological metrics between treatments. Epidermal 
pigm. gran. amoe. area % (µm
2
)(±SE) A) adjacent to healing front, Run 1; B) adjacent to healing 
front, Run 2; C) >5 mm from healing front, Run 1; and D) >5 mm from healing front, Run 2. Means 
that differ significantly are indicated by different letter groups above each histogram.  
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Figure D-11. Porites astreoides. Comparison of histological metrics between treatments. Upper 
gastrodermis pigm. gran. amoe. area % (µm
2
)(±SE) A) adjacent to healing front, Run 1; B) adjacent 
to healing front, Run 2; C) >5 mm from healing front, Run 1; and D) >5 mm from healing front, Run 
2. Means that differ significantly are indicated by different letter groups above each histogram. 
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Figure D-12. Porites astreoides. Comparison of histological metrics between treatments. Lower 
gastrodermis pigm. gran. amoe. area % (µm
2
)(±SE) A) adjacent to healing front, Run 1; B) adjacent 
to healing front, Run 2; C) >5 mm from healing front, Run 1; and D) >5 mm from healing front, Run 
2. Means that differ significantly are indicated by different letter groups above each histogram. 
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Figure D-13. Porites astreoides. Comparison of histological metrics between treatments. Calicodermal 
pigm. gran. amoe. area % (µm
2
)(±SE) A) adjacent to healing front, Run 1; B) adjacent to healing 
front, Run 2; C) >5 mm from healing front, Run 1; and D) >5 mm from healing front, Run 2. 
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Figure D-14. Porites astreoides. Comparison of histological metrics between treatments. Upper 
gastrodermis, zooxanthellae per µm
2
 (±SE) A) adjacent to healing front, Run 1; B) adjacent to 
healing front, Run 2; C) >5 mm from healing front, Run 1; and D) >5 mm from healing front, Run 2. 
Means that differ significantly are indicated by different letter groups above each histogram. 
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Figure D-15. Porites astreoides. Comparison of histological metrics between treatments. Lower 
gastrodermis, zooxanthellae per µm
2
 (±SE) A) adjacent to healing front, Run 1; B) adjacent to 
healing front, Run 2; C) >5 mm from healing front, Run 1; and D) >5 mm from healing front, Run 2. 
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Figure D-16. Porites astreoides. Comparison of histological metrics between treatments. Upper 
gastrodermis mitotic index (±SE) A) adjacent to healing front, Run 1; B) adjacent to healing front, 
Run 2; C) >5 mm from healing front, Run 1; and D) >5 mm from healing front, Run 2. 
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Figure D-17. Porites astreoides. Comparison of histological metrics between treatments. Lower 
gastrodermis mitotic index (±SE) A) adjacent to healing front, Run 1; B) adjacent to healing front, 
Run 2; C) >5 mm from healing front, Run 1; and D) >5 mm from healing front, Run 2.  
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APPENDIX E: Histological Metrics of Porites astreoides Within Treatments Over 
Time 
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Figure E-1. Porites astreoides. Control, adjacent to healing front. Comparison of histological metrics 
between post-injury collection times. A) Epidermal tissue area (µm
2
), Run 1 and B) Run 2; C) Upper 
gastrodermis tissue area (µm
2
) Run 1 and D) Run 2; E) Lower gastrodermis tissue area (µm
2
), Run 1 
and F) Run 2; G) Calicodermal tissue area (µm
2
), Run 1 and H) Run 2. 
278 
 
 
Figure E-2. Porites astreoides. Control, adjacent to healing front. Comparison of histological metrics 
between post-injury collection times. A) Upper gastrodermis, zooxanthellae per 100 µm
2
, Run 1 and 
B) Run 2; C) Upper gastrodermis mitotic index, Run 1 and D) Run 2; E) Lower gastrodermis, 
zooxanthellae per 100 µm
2
, Run 1 and F) Run 2; G) Lower gastrodermis mitotic index, Run 1 and H) 
Run 2. 
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Figure E-3. Porites astreoides. Control, adjacent to healing front. Comparison of histological metrics 
between post-injury collection times. A) Epidermal mucus area % (µm
2
), Run 1 and B) Run 2; C) 
Upper gastrodermis mucus area %, Run 1 and D) Run 2; E) Lower gastrodermis mucus area %, 
Run 1 and F) Run 2; G) Calicodermal mucus area %, Run 1 and H) Run 2. 
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Figure E-4. Porites astreoides. Control, adjacent to healing front. Comparison of histological metrics 
between post-injury collection times. A) Epidermal pigm. gran. amoe. area % (µm
2
), Run 1 and B) 
Run 2; C) Upper gastrodermis pigm. gran. amoe. area % (µm
2
), Run 1 and D) Run 2; E) Lower 
gastrodermis pigm. gran. amoe. area % (µm
2
), Run 1 and F) Run 2; G) Calicodermal pigm. gran. 
amoe. area % (µm
2
), Run 1 and H) Run 2. 
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Figure E-5. Porites astreoides. Control, >5 mm from healing front Comparison of histological metrics 
between post-injury collection times. A) Epidermal tissue area (µm
2
), Run 1 and B) Run 2; C) Upper 
gastrodermis tissue area (µm
2
) Run 1 and D) Run 2; E) Lower gastrodermis tissue area (µm
2
), Run 1 
and F) Run 2; G) Calicodermal tissue area (µm
2
), Run 1 and H) Run 2. 
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Figure E-6. Porites astreoides. Control, >5 mm from healing front. Comparison of histological metrics 
between post-injury collection times. A) Upper gastrodermis, zooxanthellae per 100 µm
2
, Run 1 and 
B) Run 2; C) Upper gastrodermis mitotic index, Run 1 and D) Run 2; E) Lower gastrodermis, 
zooxanthellae per 100 µm
2
, Run 1 and F) Run 2; G) Lower gastrodermis mitotic index, Run 1 and H) 
Run 2. 
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Figure E-7. Porites astreoides. Control, >5 mm from healing front. Comparison of histological metrics 
between post-injury collection times. A) Epidermal mucus area % (µm
2
), Run 1 and B) Run 2; C) 
Upper gastrodermis mucus area %, Run 1 and D) Run 2; E) Lower gastrodermis mucus area %, 
Run 1 and F) Run 2; G) Calicodermal mucus area %, Run 1 and H) Run 2. 
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Figure E-8. Porites astreoides. Control, >5 mm from healing front. Comparison of histological metrics 
between post-injury collection times. A) Epidermal pigm. gran. amoe. area % (µm
2
), Run 1 and B) 
Run 2; C) Upper gastrodermis pigm. gran. amoe. area % (µm
2
), Run 1 and D) Run 2; E) Lower 
gastrodermis pigm. gran. amoe. area % (µm
2
), Run 1 and F) Run 2; G) Calicodermal pigm. gran. 
amoe. area % (µm
2
), Run 1 and H) Run 2. 
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Figure E-9. Porites astreoides. Nitrate, adjacent to healing front. Comparison of histological metrics 
between post-injury collection times. A) Epidermal tissue area (µm
2
), Run 1 and B) Run 2; C) Upper 
gastrodermis tissue area (µm
2
) Run 1 and D) Run 2; E) Lower gastrodermis tissue area (µm
2
), Run 1 
and F) Run 2; G) Calicodermal tissue area (µm
2
), Run 1 and H) Run 2. 
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Figure E-10. Porites astreoides. Nitrate, adjacent to healing front. Comparison of histological metrics 
between post-injury collection times. A) Upper gastrodermis, zooxanthellae per 100 µm
2
, Run 1 and 
B) Run 2; C) Upper gastrodermis mitotic index, Run 1 and D) Run 2; E) Lower gastrodermis, 
zooxanthellae per 100 µm
2
, Run 1 and F) Run 2; G) Lower gastrodermis mitotic index, Run 1 and H) 
Run 2. 
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Figure E-11. Porites astreoides. Nitrate, adjacent to healing front. Comparison of histological metrics 
between post-injury collection times. A) Epidermal mucus area % (µm
2
), Run 1 and B) Run 2; C) 
Upper gastrodermis mucus area %, Run 1 and D) Run 2; E) Lower gastrodermis mucus area %, 
Run 1 and F) Run 2; G) Calicodermal mucus area %, Run 1 and H) Run 2.  
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Figure E-12. Porites astreoides. Nitrate, adjacent to healing front. Comparison of histological metrics 
between post-injury collection times. A) Epidermal pigm. gran. amoe. area % (µm
2
), Run 1 and B) 
Run 2; C) Upper gastrodermis pigm. gran. amoe. area % (µm
2
), Run 1 and D) Run 2; E) Lower 
gastrodermis pigm. gran. amoe. area % (µm
2
), Run 1 and F) Run 2; G) Calicodermal pigm. gran. 
amoe. area % (µm
2
), Run 1 and H) Run 2. 
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Figure E-13. Porites astreoides. Nitrate, >5 mm from healing front. Comparison of histological 
metrics between post-injury collection times. A) Epidermal tissue area (µm
2
), Run 1 and B) Run 2; 
C) Upper gastrodermis tissue area (µm
2
) Run 1 and D) Run 2; E) Lower gastrodermis tissue area 
(µm
2
), Run 1 and F) Run 2; G) Calicodermal tissue area (µm
2
), Run 1 and H) Run 2. 
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Figure E-14. Porites astreoides. Nitrate, >5 mm from healing front. Comparison of histological 
metrics between post-injury collection times. A) Upper gastrodermis, zooxanthellae per 100 µm
2
, 
Run 1 and B) Run 2; C) Upper gastrodermis mitotic index, Run 1 and D) Run 2; E) Lower 
gastrodermis, zooxanthellae per 100 µm
2
, Run 1 and F) Run 2; G) Lower gastrodermis mitotic index, 
Run 1 and H) Run 2. 
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Figure E-15. Porites astreoides. Nitrate, >5 mm from healing front. Comparison of histological 
metrics between post-injury collection times. A) Epidermal mucus area % (µm
2
), Run 1 and B) Run 
2; C) Upper gastrodermis mucus area %, Run 1 and D) Run 2; E) Lower gastrodermis mucus area 
%, Run 1 and F) Run 2; G) Calicodermal mucus area %, Run 1 and H) Run 2. 
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Figure E-16. Porites astreoides. Nitrate, >5 mm from healing front. Comparison of histological 
metrics between post-injury collection times. A) Epidermal pigm. gran. amoe. area % (µm
2
), Run 1 
and B) Run 2; C) Upper gastrodermis pigm. gran. amoe. area % (µm
2
), Run 1 and D) Run 2; E) 
Lower gastrodermis pigm. gran. amoe. area % (µm
2
), Run 1 and F) Run 2; G) Calicodermal pigm. 
gran. amoe. area % (µm
2
), Run 1 and H) Run 2. 
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Figure E-17. Porites astreoides. Phosphate, adjacent to healing front. Comparison of histological 
metrics between post-injury collection times. A) Epidermal tissue area (µm
2
), Run 1 and B) Run 2; 
C) Upper gastrodermis tissue area (µm
2
) Run 1 and D) Run 2; E) Lower gastrodermis tissue area 
(µm
2
), Run 1 and F) Run 2; G) Calicodermal tissue area (µm
2
), Run 1 and H) Run 2. 
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Figure E-18. Porites astreoides. Phosphate, adjacent to healing front. Comparison of histological 
metrics between post-injury collection times. A) Upper gastrodermis, zooxanthellae per 100 µm
2
, 
Run 1 and B) Run 2; C) Upper gastrodermis mitotic index, Run 1 and D) Run 2; E) Lower 
gastrodermis, zooxanthellae per 100 µm
2
, Run 1 and F) Run 2; G) Lower gastrodermis mitotic index, 
Run 1 and H) Run 2. 
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Figure E-19. Porites astreoides. Phosphate, adjacent to healing front. Comparison of histological 
metrics between post-injury collection times. A) Epidermal mucus area % (µm
2
), Run 1 and B) Run 
2; C) Upper gastrodermis mucus area %, Run 1 and D) Run 2; E) Lower gastrodermis mucus area 
%, Run 1 and F) Run 2; G) Calicodermal mucus area %, Run 1 and H) Run 2. 
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Figure E-20. Porites astreoides. Phosphate, adjacent to healing front. Comparison of histological 
metrics between post-injury collection times. A) Epidermal pigm. gran. amoe. area % (µm
2
), Run 1 
and B) Run 2; C) Upper gastrodermis pigm. gran. amoe. area % (µm
2
), Run 1 and D) Run 2; E) 
Lower gastrodermis pigm. gran. amoe. area % (µm
2
), Run 1 and F) Run 2; G) Calicodermal pigm. 
gran. amoe. area % (µm
2
), Run 1 and H) Run 2. 
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Figure E-21. Porites astreoides. Phosphate, >5 mm from healing front. Comparison of histological 
metrics between post-injury collection times. A) Epidermal tissue area (µm
2
), Run 1 and B) Run 2; 
C) Upper gastrodermis tissue area (µm
2
) Run 1 and D) Run 2; E) Lower gastrodermis tissue area 
(µm
2
), Run 1 and F) Run 2; G) Calicodermal tissue area (µm
2
), Run 1 and H) Run 2. 
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Figure E-22. Porites astreoides. Phosphate, >5 mm from healing front. Comparison of histological 
metrics between post-injury collection times. A) Upper gastrodermis, zooxanthellae per 100 µm
2
, 
Run 1 and B) Run 2; C) Upper gastrodermis mitotic index, Run 1 and D) Run 2; E) Lower 
gastrodermis, zooxanthellae per 100 µm
2
, Run 1 and F) Run 2; G) Lower gastrodermis mitotic index, 
Run 1 and H) Run 2. 
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Figure E-23. Porites astreoides. Phosphate, >5 mm from healing front. Comparison of histological 
metrics between post-injury collection times. A) Epidermal mucus area % (µm
2
), Run 1 and B) Run 
2; C) Upper gastrodermis mucus area %, Run 1 and D) Run 2; E) Lower gastrodermis mucus area 
%, Run 1 and F) Run 2; G) Calicodermal mucus area %, Run 1 and H) Run 2.  
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Figure E-24. Porites astreoides. Phosphate, >5 mm from healing front. Comparison of histological 
metrics between post-injury collection times. A) Epidermal pigm. gran. amoe. area % (µm
2
), Run 1 
and B) Run 2; C) Upper gastrodermis pigm. gran. amoe. area % (µm
2
), Run 1 and D) Run 2; E) 
Lower gastrodermis pigm. gran. amoe. area % (µm
2
), Run 1 and F) Run 2; G) Calicodermal pigm. 
gran. amoe. area % (µm
2
), Run 1 and H) Run 2. 
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Figure E-25. Porites astreoides. Nitrate/Phosphate, adjacent to healing front. Comparison of 
histological metrics between post-injury collection times. A) Epidermal tissue area (µm
2
), Run 1 and 
B) Run 2; C) Upper gastrodermis tissue area (µm
2
) Run 1 and D) Run 2; E) Lower gastrodermis 
tissue area (µm
2
), Run 1 and F) Run 2; G) Calicodermal tissue area (µm
2
), Run 1 and H) Run 2. 
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Figure E-26. Porites astreoides. Nitrate/Phosphate, adjacent to healing front. Comparison of 
histological metrics between post-injury collection times. A) Upper gastrodermis, zooxanthellae per 
100 µm
2
, Run 1 and B) Run 2; C) Upper gastrodermis mitotic index, Run 1 and D) Run 2; E) Lower 
gastrodermis, zooxanthellae per 100 µm
2
, Run 1 and F) Run 2; G) Lower gastrodermis mitotic index, 
Run 1 and H) Run 2. 
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Figure E-27. Porites astreoides. Nitrate/Phosphate, adjacent to healing front. Comparison of 
histological metrics between post-injury collection times. A) Epidermal mucus area % (µm
2
), Run 1 
and B) Run 2; C) Upper gastrodermis mucus area %, Run 1 and D) Run 2; E) Lower gastrodermis 
mucus area %, Run 1 and F) Run 2; G) Calicodermal mucus area %, Run 1 and H) Run 2.  
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Figure E-28. Porites astreoides. Nitrate/Phosphate, adjacent to healing front. Comparison of 
histological metrics between post-injury collection times. A) Epidermal pigm. gran. amoe. area % 
(µm
2
), Run 1 and B) Run 2; C) Upper gastrodermis pigm. gran. amoe. area % (µm
2
), Run 1 and D) 
Run 2; E) Lower gastrodermis pigm. gran. amoe. area % (µm
2
), Run 1 and F) Run 2; G) 
Calicodermal pigm. gran. amoe. area % (µm
2
), Run 1 and H) Run 2. 
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Figure E-29. Porites astreoides. Nitrate/Phosphate, >5 mm from healing front. Comparison of 
histological metrics between post-injury collection times. A) Epidermal tissue area (µm
2
), Run 1 and 
B) Run 2; C) Upper gastrodermis tissue area (µm
2
) Run 1 and D) Run 2; E) Lower gastrodermis 
tissue area (µm
2
), Run 1 and F) Run 2; G) Calicodermal tissue area (µm
2
), Run 1 and H) Run 2. 
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Figure E-30. Porites astreoides. Nitrate/Phosphate, >5 mm from healing front. Comparison of 
histological metrics between post-injury collection times. A) Upper gastrodermis, zooxanthellae per 
100 µm
2
, Run 1 and B) Run 2; C) Upper gastrodermis mitotic index, Run 1 and D) Run 2; E) Lower 
gastrodermis, zooxanthellae per 100 µm
2
, Run 1 and F) Run 2; G) Lower gastrodermis mitotic index, 
Run 1 and H) Run 2. 
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Figure E-31. Porites astreoides. Nitrate/Phosphate, >5 mm from healing front. Comparison of 
histological metrics between post-injury collection times. A) Epidermal mucus area % (µm
2
), Run 1 
and B) Run 2; C) Upper gastrodermis mucus area %, Run 1 and D) Run 2; E) Lower gastrodermis 
mucus area %, Run 1 and F) Run 2; G) Calicodermal mucus area %, Run 1 and H) Run 2.  
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Figure E-32. Porites astreoides. Nitrate/Phosphate, >5 mm from healing front. Comparison of 
histological metrics between post-injury collection times. A) Epidermal pigm. gran. amoe. area % 
(µm
2
), Run 1 and B) Run 2; C) Upper gastrodermis pigm. gran. amoe. area % (µm
2
), Run 1 and D) 
Run 2; E) Lower gastrodermis pigm. gran. amoe. area % (µm
2
), Run 1 and F) Run 2; G) 
Calicodermal pigm. gran. amoe. area % (µm
2
), Run 1 and H) Run 2. 
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Figure E-33. Porites astreoides. CO2, adjacent to healing front. Comparison of histological metrics 
between post-injury collection times. A) Epidermal tissue area (µm
2
), Run 1 and B) Run 2; C) Upper 
gastrodermis tissue area (µm
2
) Run 1 and D) Run 2; E) Lower gastrodermis tissue area (µm
2
), Run 1 
and F) Run 2; G) Calicodermal tissue area (µm
2
), Run 1 and H) Run 2. 
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Figure E-34. Porites astreoides. CO2, adjacent to healing front. Comparison of histological metrics 
between post-injury collection times. A) Upper gastrodermis, zooxanthellae per 100 µm
2
, Run 1 and 
B) Run 2; C) Upper gastrodermis mitotic index, Run 1 and D) Run 2; E) Lower gastrodermis, 
zooxanthellae per 100 µm
2
, Run 1 and F) Run 2; G) Lower gastrodermis mitotic index, Run 1 and H) 
Run 2. 
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Figure E-35. Porites astreoides. CO2, adjacent to healing front. Comparison of histological metrics 
between post-injury collection times. A) Epidermal mucus area % (µm
2
), Run 1 and B) Run 2; C) 
Upper gastrodermis mucus area %, Run 1 and D) Run 2; E) Lower gastrodermis mucus area %, 
Run 1 and F) Run 2; G) Calicodermal mucus area %, Run 1 and H) Run 2.  
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Figure E-36. Porites astreoides. CO2, adjacent to healing front. Comparison of histological metrics 
between post-injury collection times. A) Epidermal pigm. gran. amoe. area % (µm
2
), Run 1 and B) 
Run 2; C) Upper gastrodermis pigm. gran. amoe. area % (µm
2
), Run 1 and D) Run 2; E) Lower 
gastrodermis pigm. gran. amoe. area % (µm
2
), Run 1 and F) Run 2; G) Calicodermal pigm. gran. 
amoe. area % (µm
2
), Run 1 and H) Run 2. 
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Figure E-37. Porites astreoides. CO2, >5 mm from healing front. Comparison of histological metrics 
between post-injury collection times. A) Epidermal tissue area (µm
2
), Run 1 and B) Run 2; C) Upper 
gastrodermis tissue area (µm
2
) Run 1 and D) Run 2; E) Lower gastrodermis tissue area (µm
2
), Run 1 
and F) Run 2; G) Calicodermal tissue area (µm
2
), Run 1 and H) Run 2. 
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Figure E-38. Porites astreoides. CO2, >5 mm from healing front. Comparison of histological metrics 
between post-injury collection times. A) Upper gastrodermis, zooxanthellae per 100 µm
2
, Run 1 and 
B) Run 2; C) Upper gastrodermis mitotic index, Run 1 and D) Run 2; E) Lower gastrodermis, 
zooxanthellae per 100 µm
2
, Run 1 and F) Run 2; G) Lower gastrodermis mitotic index, Run 1 and H) 
Run 2. 
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Figure E-39. Porites astreoides. CO2, >5 mm from healing front. Comparison of histological metrics 
between post-injury collection times. A) Epidermal mucus area % (µm
2
), Run 1 and B) Run 2; C) 
Upper gastrodermis mucus area %, Run 1 and D) Run 2; E) Lower gastrodermis mucus area %, 
Run 1 and F) Run 2; G) Calicodermal mucus area %, Run 1 and H) Run 2. 
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Figure E-40. Porites astreoides. CO2, >5 mm from healing front. Comparison of histological metrics 
between post-injury collection times. A) Epidermal pigm. gran. amoe. area % (µm
2
), Run 1 and B) 
Run 2; C) Upper gastrodermis pigm. gran. amoe. area % (µm
2
), Run 1 and D) Run 2; E) Lower 
gastrodermis pigm. gran. amoe. area % (µm
2
), Run 1 and F) Run 2; G) Calicodermal pigm. gran. 
amoe. area % (µm
2
), Run 1 and H) Run 2. 
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APPENDIX F: Histological Metrics of Porites astreoides Within Treatments and 
Between Cell Count Regions Over Time 
318 
 
 
Figure F-1. Porites astreoides. Control. Comparison of histological metrics between cell count regions 
at each time period. A) Epidermal tissue area (µm
2
), Run 1 and B) Run 2; C) Upper gastrodermis 
tissue area (µm
2
) Run 1 and D) Run 2; E) Lower gastrodermis tissue area (µm
2
), Run 1 and F) Run 
2; G) Calicodermal tissue area (µm
2
), Run 1 and H) Run 2. 
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Figure F-2. Porites astreoides. Control. Comparison of histological metrics between cell count regions 
at each time period. A) Upper gastrodermis, zooxanthellae per 100 µm
2
, Run 1 and B) Run 2; C) 
Upper gastrodermis mitotic index, Run 1 and D) Run 2; E) Lower gastrodermis, zooxanthellae per 
100 µm
2
, Run 1 and F) Run 2; G) Lower gastrodermis mitotic index, Run 1 and H) Run 2. 
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Figure F-3. Porites astreoides. Control. Comparison of histological metrics between cell count regions 
at each time period. A) Epidermal mucus area % (µm
2
), Run 1 and B) Run 2; C) Upper gastrodermis 
mucus area %, Run 1 and D) Run 2; E) Lower gastrodermis mucus area %, Run 1 and F) Run 2; G) 
Calicodermal mucus area %, Run 1 and H) Run 2.  
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Figure F-4. Porites astreoides. Control. Comparison of histological metrics between cell count regions 
at each time period. A) Epidermal pigm. gran. amoe. area % (µm
2
), Run 1 and B) Run 2; C) Upper 
gastrodermis pigm. gran. amoe. area % (µm
2
), Run 1 and D) Run 2; E) Lower gastrodermis pigm. 
gran. amoe. area % (µm
2
), Run 1 and F) Run 2; G) Calicodermal pigm. gran. amoe. area % (µm
2
), 
Run 1 and H) Run 2. 
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Figure F-5. Porites astreoides. Nitrate. Comparison of histological metrics between cell count regions 
at each time period. A) Epidermal tissue area (µm
2
), Run 1 and B) Run 2; C) Upper gastrodermis 
tissue area (µm
2
) Run 1 and D) Run 2; E) Lower gastrodermis tissue area (µm
2
), Run 1 and F) Run 
2; G) Calicodermal tissue area (µm
2
), Run 1 and H) Run 2. 
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Figure F-6. Porites astreoides. Nitrate. Comparison of histological metrics between cell count regions 
at each time period. A) Upper gastrodermis, zooxanthellae per 100 µm
2
, Run 1 and B) Run 2; C) 
Upper gastrodermis mitotic index, Run 1 and D) Run 2; E) Lower gastrodermis, zooxanthellae per 
100 µm
2
, Run 1 and F) Run 2; G) Lower gastrodermis mitotic index, Run 1 and H) Run 2. 
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Figure F-7. Porites astreoides. Nitrate. Comparison of histological metrics between cell count regions 
at each time period. A) Epidermal mucus area % (µm
2
), Run 1 and B) Run 2; C) Upper gastrodermis 
mucus area %, Run 1 and D) Run 2; E) Lower gastrodermis mucus area %, Run 1 and F) Run 2; G) 
Calicodermal mucus area %, Run 1 and H) Run 2. 
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Figure F-8. Porites astreoides. Nitrate. Comparison of histological metrics between cell count regions 
at each time period. A) Epidermal pigm. gran. amoe. area % (µm
2
), Run 1 and B) Run 2; C) Upper 
gastrodermis pigm. gran. amoe. area % (µm
2
), Run 1 and D) Run 2; E) Lower gastrodermis pigm. 
gran. amoe. area % (µm
2
), Run 1 and F) Run 2; G) Calicodermal pigm. gran. amoe. area % (µm
2
), 
Run 1 and H) Run 2. 
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Figure F-9. Porites astreoides. Phosphate. Comparison of histological metrics between cell count 
regions at each time period. A) Epidermal tissue area (µm
2
), Run 1 and B) Run 2; C) Upper 
gastrodermis tissue area (µm
2
) Run 1 and D) Run 2; E) Lower gastrodermis tissue area (µm
2
), Run 1 
and F) Run 2; G) Calicodermal tissue area (µm
2
), Run 1 and H) Run 2. 
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Figure F-10. Porites astreoides. Phosphate. Comparison of histological metrics between cell count 
regions at each time period. A) Upper gastrodermis, zooxanthellae per 100 µm
2
, Run 1 and B) Run 2; 
C) Upper gastrodermis mitotic index, Run 1 and D) Run 2; E) Lower gastrodermis, zooxanthellae 
per 100 µm
2
, Run 1 and F) Run 2; G) Lower gastrodermis mitotic index, Run 1 and H) Run 2. 
328 
 
  
Figure F-11. Porites astreoides. Phosphate. Comparison of histological metrics between cell count 
regions at each time period. A) Epidermal mucus area % (µm
2
), Run 1 and B) Run 2; C) Upper 
gastrodermis mucus area %, Run 1 and D) Run 2; E) Lower gastrodermis mucus area %, Run 1 and 
F) Run 2; G) Calicodermal mucus area %, Run 1 and H) Run 2. 
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Figure F-12. Porites astreoides. Phosphate. Comparison of histological metrics between cell count 
regions at each time period. A) Epidermal pigm. gran. amoe. area % (µm
2
), Run 1 and B) Run 2; C) 
Upper gastrodermis pigm. gran. amoe. area % (µm
2
), Run 1 and D) Run 2; E) Lower gastrodermis 
pigm. gran. amoe. area % (µm
2
), Run 1 and F) Run 2; G) Calicodermal pigm. gran. amoe. area % 
(µm
2
), Run 1 and H) Run 2. 
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Figure F-13. Porites astreoides. Nitrate-Phosphate. Comparison of histological metrics between cell 
count regions at each time period. A) Epidermal tissue area (µm
2
), Run 1 and B) Run 2; C) Upper 
gastrodermis tissue area (µm
2
) Run 1 and D) Run 2; E) Lower gastrodermis tissue area (µm
2
), Run 1 
and  F) Run 2; G) Calicodermal tissue area (µm
2
), Run 1 and H) Run 2. 
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Figure F-14. Porites astreoides. Nitrate-Phosphate. Comparison of histological metrics between cell 
count regions at each time period. A) Upper gastrodermis, zooxanthellae per 100 µm
2
, Run 1 and B) 
Run 2; C) Upper gastrodermis mitotic index, Run 1 and D) Run 2; E) Lower gastrodermis, 
zooxanthellae per 100 µm
2
, Run 1 and F) Run 2; G) Lower gastrodermis mitotic index, Run 1 and H) 
Run 2. 
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Figure F-15. Porites astreoides. Nitrate-Phosphate. Comparison of histological metrics between cell 
count regions at each time period. A) Epidermal mucus area % (µm
2
), Run 1 and B) Run 2; C) 
Upper gastrodermis mucus area %, Run 1 and D) Run 2; E) Lower gastrodermis mucus area %, 
Run 1 and F) Run 2; G) Calicodermal mucus area %, Run 1 and H) Run 2.  
333 
 
 
Figure F-16. Porites astreoides. Nitrate-Phosphate. Comparison of histological metrics between cell 
count regions at each time period. A) Epidermal pigm. gran. amoe. area % (µm
2
), Run 1 and B) Run 
2; C) Upper gastrodermis pigm. gran. amoe. area % (µm
2
), Run 1 and D) Run 2; E) Lower 
gastrodermis pigm. gran. amoe. area % (µm
2
), Run 1 and F) Run 2; G) Calicodermal pigm. gran. 
amoe. area % (µm
2
), Run 1 and H) Run 2. 
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Figure F-17. Porites astreoides. CO2. Comparison of histological metrics between cell count regions at 
each time period. A) Epidermal tissue area (µm
2
), Run 1 and B) Run 2; C) Upper gastrodermis tissue 
area (µm
2
) Run 1 and D) Run 2; E) Lower gastrodermis tissue area (µm
2
), Run 1 and F) Run 2; G) 
Calicodermal tissue area (µm
2
), Run 1 and H) Run 2. 
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Figure F-18. Porites astreoides. CO2. Comparison of histological metrics between cell count regions at 
each time period. A) Upper gastrodermis, zooxanthellae per 100 µm
2
, Run 1 and B) Run 2; C) Upper 
gastrodermis mitotic index, Run 1 and D) Run 2; E) Lower gastrodermis, zooxanthellae per 100 µm
2
, 
Run 1 and F) Run 2; G) Lower gastrodermis mitotic index, Run 1 and H) Run 2. 
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Figure F-19. Porites astreoides. CO2. Comparison of histological metrics between cell count regions at 
each time period. A) Epidermal mucus area % (µm
2
), Run 1 and B) Run 2; C) Upper gastrodermis 
mucus area %, Run 1 and D) Run 2; E) Lower gastrodermis mucus area %, Run 1 and F) Run 2; G) 
Calicodermal mucus area %, Run 1 and H) Run 2.  
337 
 
 
Figure F-20. Porites astreoides. CO2. Comparison of histological metrics between cell count regions at 
each time period. A) Epidermal pigm. gran. amoe. area % (µm
2
), Run 1 and B) Run 2; C) Upper 
gastrodermis pigm. gran. amoe. area % (µm
2
), Run 1 and D) Run 2; E) Lower gastrodermis pigm. 
gran. amoe. area % (µm
2
), Run 1 and F) Run 2; G) Calicodermal pigm. gran. amoe. area % (µm
2
), 
Run 1 and H) Run 2. 
338 
 
APPENDIX G: Histological Metrics of Montastraea cavernosa and Porites astreoides 
Over Time Post Transplant.
339 
 
 
Figure G-1. Montastraea cavernosa. Comparison of histological metrics between post-transplant 
collection times. . A) Epidermal tissue area (µm
2
), B) Upper gastrodermis tissue area (µm
2
), C) 
Lower gastrodermis tissue area (µm
2
), D) Calicodermal tissue area (µm
2
), E) Upper gastrodermis, 
zooxanthellae per 100 µm
2
, F) Upper gastrodermis mitotic index, G) Lower gastrodermis, 
zooxanthellae per 100 µm
2
, and H) Lower gastrodermis mitotic index.  
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Figure G-2. Montastraea cavernosa. Comparison of histological metrics between post-transplant 
collection times. A) Epidermal mucus area % (µm
2
), B) Upper gastrodermis mucus area % (µm
2
), C) 
Lower gastrodermis mucus area % (µm
2
), D) Upper gastrodermis, amoebocytes per 100 µm
2
, E) 
Lower gastrodermis, amoebocytes per 100 µm
2
, F) Upper gastrodermis, gland cell area % (µm
2
), and 
G) Lower gastrodermis, gland cell area % (µm
2
). 
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Figure G-3. Porites astreoides. Comparison of histological metrics between post-transplant collection 
times. A) Epidermal tissue area (µm
2
), B) Upper gastrodermis tissue area (µm
2
), C) Lower 
gastrodermis tissue area (µm
2
), D) Calicodermal tissue area (µm
2
), E) Upper gastrodermis, 
zooxanthellae per 100 µm
2
, F) Upper gastrodermis mitotic index, G) Lower gastrodermis, 
zooxanthellae per 100 µm
2
, and H) Lower gastrodermis mitotic index. 
342 
 
 
Figure G-4. Porites astreoides. Comparison of histological metrics between post-transplant collection 
times. A) Epidermal mucus area % (µm
2
), B) Upper gastrodermis mucus area % (µm
2
), C) Lower 
gastrodermis mucus area % (µm
2
), D) Calicodermal mucus area % (µm
2
), E) Epidermal pigm. gran. 
amoe. area % (µm
2
), F) Upper gastrodermis pigm. gran. amoe. area % (µm
2
), G) Lower 
gastrodermis pigm. gran. amoe. area % (µm
2
), and H) Calicodermal pigm. gran. amoe. area % 
(µm
2
). 
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APPENDIX H: Histological Metrics of Montastraea cavernosa Between Field and 
Ex-situ Experimental Corals. 
344 
 
 
Figure H-1. Montastraea cavernosa. Comparison of histological metrics between field and R1 ex-situ 
experimental corals. A) Epidermal tissue area (µm
2
), B) Upper gastrodermis tissue area (µm
2
), C) 
Lower gastrodermis tissue area (µm
2
), D) Calicodermal tissue area (µm
2
), E) Upper gastrodermis, 
zooxanthellae per 100 µm
2
, F) Upper gastrodermis mitotic index. A=post-transplant Field collection 
1, B=post-transplant Field collection 2, C=post-transplant Field collection 3. Means that differ 
significantly are indicated by different letter groups above each histogram. 
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Figure H-2. Montastraea cavernosa. Comparison of histological metrics between field and R1 ex-situ 
experimental corals. A) Lower gastrodermis, zooxanthellae per 100 µm
2
, B) Lower gastrodermis 
mitotic index, C) Epidermal mucus area % (µm
2
), D) Upper gastrodermis mucus area % (µm
2
), and 
E) Lower gastrodermis mucus area % (µm
2
). A=post-transplant Field collection 1, B=post-transplant 
Field collection 2, C=post-transplant Field collection 3. Means that differ significantly are indicated 
by different letter groups above each histogram.  
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Figure H-3. Montastraea cavernosa. Comparison of histological metrics between field and R1 ex-situ 
experimental corals. A) Upper gastrodermis, gland cell area % (µm
2
), B) Lower gastrodermis, gland 
cell area % (µm
2
), C) Upper gastrodermis, amoebocytes per 100 µm
2
, and D) Lower gastrodermis, 
amoebocytes per 100 µm
2
. A=post-transplant Field collection 1, B=post-transplant Field collection 2, 
C=post-transplant Field collection 3. Means that differ significantly are indicated by different letter 
groups above each histogram. 
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Figure H-4. Montastraea cavernosa. Comparison of histological metrics between field and R2 ex-situ 
experimental corals. A) Epidermal tissue area (µm
2
), B) Upper gastrodermis tissue area (µm
2
), C) 
Lower gastrodermis tissue area (µm
2
), D) Calicodermal tissue area (µm
2
), E) Upper gastrodermis, 
zooxanthellae per 100 µm
2
, F) Upper gastrodermis mitotic index. A=post-transplant Field collection 
1, B=post-transplant Field collection 2, C=post-transplant Field collection 3. Means that differ 
significantly are indicated by different letter groups above each histogram. 
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Figure H-5. Montastraea cavernosa. Comparison of histological metrics between field and R2 ex-situ 
experimental corals. A) Lower gastrodermis, zooxanthellae per 100 µm
2
, B) Lower gastrodermis 
mitotic index, C) Epidermal mucus area % (µm
2
), D) Upper gastrodermis mucus area % (µm
2
), and 
E) Lower gastrodermis mucus area % (µm
2
). A=post-transplant Field collection 1, B=post-transplant 
Field collection 2, C=post-transplant Field collection 3. Means that differ significantly are indicated 
by different letter groups above each histogram.  
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Figure H-6. Montastraea cavernosa. Comparison of histological metrics between field and R2 ex-situ 
experimental corals. A) Upper gastrodermis, gland cell area % (µm
2
), B) Lower gastrodermis, gland 
cell area % (µm
2
), C) Upper gastrodermis, amoebocytes per 100 µm
2
, and D) Lower gastrodermis, 
amoebocytes per 100 µm
2
. A=post-transplant Field collection 1, B=post-transplant Field collection 2, 
C=post-transplant Field collection 3. Means that differ significantly are indicated by different letter 
groups above each histogram. 
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Figure I-1. Porites astreoides. Comparison of histological metrics between field and R1 ex-situ 
experimental corals. A) Epidermal tissue area (µm
2
), B) Upper gastrodermis tissue area (µm
2
), C) 
Lower gastrodermis tissue area (µm
2
), D) Calicodermal tissue area (µm
2
), E) Upper gastrodermis, 
zooxanthellae per 100 µm
2
, and F) Upper gastrodermis mitotic index. A=post-transplant Field 
collection 1, B=post-transplant Field collection 2, C=post-transplant Field collection 3. Means that 
differ significantly are indicated by different letter groups above each histogram.  
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Figure I-2. Porites astreoides. Comparison of histological metrics between field and R1 ex-situ 
experimental corals. A) Lower gastrodermis, zooxanthellae per 100 µm
2
, B) Lower gastrodermis 
mitotic index, C) Epidermal mucus area % (µm
2
), D) Upper gastrodermis mucus area % (µm
2
), and 
E) Lower gastrodermis mucus area % (µm
2
). A=post-transplant Field collection 1, B=post-transplant 
Field collection 2, C=post-transplant Field collection 3. Means that differ significantly are indicated 
by different letter groups above each histogram.  
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Figure I-3. Porites astreoides. Comparison of histological metrics between field and R1 ex-situ 
experimental corals. A) Epidermal pigm. gran. amoe. area % (µm
2
), B) Upper gastrodermis pigm. 
gran. amoe. area % (µm
2
), C) Lower gastrodermis pigm. gran. amoe. area % (µm
2
), and D) 
Calicodermal pigm. gran. amoe. area % (µm
2
). A=post-transplant Field collection 1, B=post-
transplant Field collection 2, C=post-transplant Field collection 3. Means that differ significantly are 
indicated by different letter groups above each histogram.  
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Figure I-4. Porites astreoides. Comparison of histological metrics between field and R2 ex-situ 
experimental corals. A) Epidermal tissue area (µm
2
), B) Upper gastrodermis tissue area (µm
2
), C) 
Lower gastrodermis tissue area (µm
2
), D) Calicodermal tissue area (µm
2
), E) Upper gastrodermis, 
zooxanthellae per 100 µm
2
, and F) Upper gastrodermis mitotic index. A=post-transplant Field 
collection 1, B=post-transplant Field collection 2, C=post-transplant Field collection 3. Means that 
differ significantly are indicated by different letter groups above each histogram.  
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Figure I-5. Porites astreoides. Comparison of histological metrics between field and R2 ex-situ 
experimental corals. A) Lower gastrodermis, zooxanthellae per 100 µm
2
, B) Lower gastrodermis 
mitotic index, C) Epidermal mucus area % (µm
2
), D) Upper gastrodermis mucus area % (µm
2
), and 
E) Lower gastrodermis mucus area % (µm
2
). A=post-transplant Field collection 1, B=post-transplant 
Field collection 2, C=post-transplant Field collection 3. Means that differ significantly are indicated 
by different letter groups above each histogram. 
A B C Control N P NP CO2
L
o
w
e
r 
G
a
s
tr
o
d
e
rm
is
 M
it
o
ti
c
 I
n
d
e
x 
(±
S
E
)
0.00
0.02
0.04
0.06
0.08
A B C Control N P NP CO2
L
o
w
e
r 
G
a
s
tr
o
d
e
rm
is
, 
Z
o
o
x
a
n
th
e
lla
e
 p
e
r 
1
0
0
u
m
2
  
(±
S
E
)
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14
0.16
0.18
0.20
A B
A B C Control N P NP CO2
E
p
id
e
rm
is
 M
u
c
o
u
s
 A
re
a
 %
 (
u
m
2
) 
(±
S
E
)
0
5
10
15
20
25
30
35
A B C Control N P NP CO2
U
p
p
e
r 
G
a
s
tr
o
d
e
rm
is
 M
u
c
o
u
s
 A
re
a
 %
 (
u
m
2
) 
(±
S
E
)
0
5
10
15
20
25
30
A B C Control N P NP CO2
L
o
w
e
r 
G
a
s
tr
o
d
e
rm
is
 M
u
c
o
u
s
 A
re
a
 %
 (
u
m
2
) 
(±
S
E
)
0
10
20
30
40
50
C D
E
A
B
A,B
B
B B
B B
N.S.
N.S.
A,B
A,B
A,B A,B
A,B
A,B
B
A,B
A
A,B
A,B,C
B,C
B,C
B,C
B,C
C
356 
 
 
Figure I-6. Porites astreoides. Comparison of histological metrics between field and R2 ex-situ 
experimental corals. A) Epidermal pigm. gran. amoe. area % (µm
2
), B) Upper gastrodermis pigm. 
gran. amoe. area % (µm
2
), C) Lower gastrodermis pigm. gran. amoe. area % (µm
2
), and D) 
Calicodermal pigm. gran. amoe. area % (µm
2
). A=post-transplant Field collection 1, B=post-
transplant Field collection 2, C=post-transplant Field collection 3. Means that differ significantly are 
indicated by different letter groups above each histogram.  
 
 
A B C Control N P NP CO2
U
p
p
e
r 
G
D
 P
ig
m
. 
G
ra
n
. 
A
m
o
e
. 
A
re
a
 %
 (
u
m
2
) 
(±
S
E
)
0
2
4
6
8
10
12
A B C Control N P NP CO2
E
p
id
e
rm
is
 P
ig
m
. 
G
ra
n
. 
A
m
o
e
. 
A
re
a
 %
 (
u
m
2
) 
(±
S
E
)
0
2
4
6
8
10
12
14
16
18
A B
A B C Control N P NP CO2
L
o
w
e
r 
G
D
 P
ig
. 
G
ra
n
. 
A
m
o
e
. 
A
re
a
 %
 (
u
m
2
) 
(±
S
E
)
0
2
4
6
8
10
12
14
A B C Control N P NP CO2
C
a
lic
o
d
e
rm
is
 P
ig
m
. 
G
ra
n
. 
A
m
o
e
. 
A
re
a
 %
 (
u
m
2
) 
(±
S
E
)
0
1
2
3
4
5
6
C D
A,B
A
A,B
A,B
A,B
A,B
A,B
B
A
A,B
A,B,C
B,C
B,C B,C
C
B,C
N.S.
A,B,C
A,B
C
C
A
B,C
B,C B,C
